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Abstract 
Strigolactones (SLs) are plant hormones and rhizosphere-signalling molecules that control plant 
architecture and environmental adaption, promote symbioses with soil organisms, and mediate root 
parasitism. These diverse activities give SLs great promise as agrochemicals, with potential 
applications in optimising plant architecture, controlling parasitic weeds, enhancing nutrient uptake, 
and improving tolerance to drought and salinity. However, agricultural use is currently unfeasible as 
there are no economically viable sources of SLs or SL analogues. Microbes engineered for SL 
biosynthesis could provide a cheap, renewable, and scalable production method that could overcome 
current supply challenges, and enable SLs to be deployed as agrochemicals.  
Synthetic biology – characterised by modularity, standardisation, interoperability of biological parts, 
and engineering principals such as the design-build-test-learn cycle – offers an approach to transform 
microbial engineering into an engineering discipline. This thesis describes the development of a 
synthetic biology toolbox for studying and engineering SL biosynthesis, comprising a SL production 
module, a detection module, and characterisation of one of the least understood enzymes in the 
pathway.  
Saccharomyces cerevisiae was selected as the initial host organism due to its favourable industrial 
properties, and previous work demonstrating that it is a suitable host for multiple elements in the SL 
biosynthetic pathway. However, conversion of β-carotene to CL was achieved at very low titres, with 
CL produced at approximately 1,000,000-fold lower concentration than -carotene. This was at least 
in part due to poor conversion of all-trans-β-carotene to 9-cis-β-carotene through DWARF27 (D27), 
prompting further investigation into this enzyme.  
Characterization of enzymes increases the reliability of their deployment as a biological part in an 
engineered system, and provides background information for enzyme engineering. As little is known 
about the D27 structure-function relationship, the localization and activity of rice (Oryza sativa) D27 
(OsD27) were investigated, and efforts were made to elucidate its three-dimensional structure. In a 
transient Nicotiana benthamiana system, OsD27 was found in stromal and thylakoid membrane-
bound forms, demonstrating the sub-organellar localisation of this enzyme for the first time. A 
maltose binding protein (MBP) fusion of OsD27 had activity in E. coli, and the purified fusion of 
OsD27 catalysed the reversible isomerisation of β-carotene around the C9-C10 double bond in vitro, 
with Km = 3.3  1.2 M for all-trans-β-carotene and Km = 5.4  1.4 M for 9-cis-β-carotene. Extensive 
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efforts to crystallise OsD27 for structural characterization did not yield results. Purified MBP fusions 
of OsD27 aggregated into soluble oligomers ranging from 10-150 nm in hydrodynamic radius. The 
aggregates were not compatible with crystal formation, and could not be completely dissociated using 
detergents. A non-aggregating D27 homologue from Ziziphus jujuba was identified, and future 
crystallization trials using this protein may provide insight into the structure-function relationship of 
D27. 
As D27 showed activity in Escherichia coli, E. coli was investigated as an alternative production host 
for SL. Introduction of rice (Oryza sativa) OsD27ΔTP, pea (Pisum sativum) PsCCD7 and PsCCD8 
resulted in production of the SL precursor, CL. A combinatorial screen of enzyme fusion partners 
identified thioredoxin (Trx)-OsD27ΔTP, Trx-PsCCD7 and MBP-PsCCD8 produced 147 ± 17 µg/L 
(mean ± standard deviation) CL in shake flask cultures after 72 hours. Enhancing precursor supply 
by introduction of a lower mevalonate pathway supplemented with mevalonate as a substrate 
increased production to 221 ± 22 µg/L (mean ± standard deviation). The CL-production strain 
provides a valuable source of CL for research, will act as a chassis for investigating downstream SL 
diversification pathways, and serves as a starting strain for engineering production of SLs. 
High-throughput strain construction is rapidly becoming available through automation, and dedicated 
software and machine-learning approaches are accelerating design and learn phases of metabolic 
engineering. These developments leave the test phase as a rate-limiting step in many design-build-
test-learn cycles. To debottleneck the test phase for SL strain engineering, genetically encoded 
fluorescent SL biosensors were developed as a detection method compatible with high throughput 
analysis. The biosensors used domain insertion of circularly permuted GFP into the SL receptors 
DAD2 from Petunia hybrida, and HTL7 from Striga hermonthica, such that binding of SLs resulted 
in loss of fluorescence in vitro or in an in vivo protoplast system. In addition to applications in high-
throughput screening, these biosensors may have utility for studying SL biology. 
This toolkit is expected to enable investigations into SL diversification, and expedite future strain 
engineering for production of SLs, ultimately supporting the development of SLs as agrochemicals 
to address current and future challenges in agriculture.  
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1.1 Biological roles of SLs  
Strigolactones (SLs) were first reported in 1966, when strigol and strigyl acetate were purified from 
cotton root exudates, and identified as seed germination stimulants for the parasitic plant Striga lutea 
(witchweed, Figure 1-1) 1. Following this, various additional strigolactones were found to trigger seed 
germination in Striga, Phelipanche and Orobanche species of parasitic plants, and were shown to be 
released by diverse parasite hosts including sorghum, maize, and red clover 2–5. These findings 
cemented strigolactones as the key players in these host-parasite interactions, but raised an intriguing 
question: what selective pressures led host plants to produce and release compounds that mediate 
parasitisation?   
It wasn’t until 2005 that a selective advantage of SL production was identified: SL acted as a 
branching factor for arbuscular mycorrhizal (AM) fungi, improving colonisation (Figure 1-1)6. These 
important fungal symbionts provide inorganic nutrients to over 80% of land plant species in exchange 
for photosynthesis-derived carbohydrates, and can improve resistance to stresses including drought 
and pathogens 7–10. However, production of SLs by non-mycorrhizal plants such as Arabidopsis 
thaliana continued to imply the existence of additional roles for SLs 11. 
In 2008, a hormonal role of SL was described, with the discovery that SLs were a previously 
unidentified branching inhibitor 12,13. Auxin and cytokinins had long been known to modulate shoot 
branching, acting antagonistically to inhibit and promote bud outgrowth, respectively. However, a 
series of mutants with enhanced branching that could not be explained by auxin or cytokinin indicated 
that another hormone must also regulate branching 14. These mutants had been identified in several 
species, including pea (Pisum sativum) ramosus (rms) mutants, rice (Oryza sativa) dwarf (d) mutants, 
Arabidopsis more axillary growth (max) mutants, and petunia (Petunia hybrida) decreased apical 
dominance (dad) mutants. The missing branching hormone was identified as SL with the discoveries 
that the branching factor biosynthesis mutants had reduce parasitic seed germination activity, were 
deficient in known SLs (orobanchyl acetate in pea and 4-deoxyorobanchol (4DO) in rice), and that 
their phenotype could be rescued by treatment with the SL analogue, GR24 12,13.  
Since the discovery that SLs inhibit branching, many additional hormonal functions have emerged. 
SLs regulate root architecture, increase root hair length, inhibit adventitious rooting, promote 
secondary growth and contribute to leaf senescence (Figure 1-1)15–21. Through many of these 
activities, SLs coordinate plant responses to nutrient deficiency. Phosphate and nitrate deficiencies 
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upregulate SL production up to 1000-fold 15–17. The SL-dependent changes limit unnecessary growth, 
optimise root architecture for nutrient uptake, and may mediate nutrient redistribution 18–22.  
Agriculture currently faces significant challenges for improving sustainability and feeding a growing 
population in a changing climate. Areas with the greatest food insecurity typically rely on low-input 
farming, so crop varieties with good pest resistance and enhanced nutrient uptake are required to 
increase productivity in these areas. Globally, crop tolerance to abiotic stresses will be increasingly 
important as climate change increases the frequency of extreme weather events. Furthermore, in high-
input farming areas, high use of fertilisers and pesticides also leads to environmental degradation, and 
new crop varieties or improved methods of cultivation will be required to minimise fertiliser use in 
the future. The involvement of SLs in many aspects of nutrient acquisition, resource allocation, stress 
tolerance, and plant-parasite interactions, makes SL signalling a promising target when developing 
new tools and crop varieties to address some of these critical challenges.  
 
Figure 1-1. Strigolactones have diverse roles as phytohormones and in the rhizosphere.  (A) Strigolactones control many 
aspects of plant development. Left: wild type plant; right: strigolactone-deficient mutant. Strigolactones negatively 
regulate branching, shoot gravitropic response, and adventitious rooting, and positively regulate plant height, leaf 
senescence, secondary growth, primary root length, and root hair elongation. Lateral root formation is inhibited by SLs 
under normal growth conditions, but is required for increased lateral root formation under phosphate deprivation. (B)  
Strigolactones are exuded by plant roots into the rhizosphere. SLs act as branching factors for arbuscular mycorrhizal 
fungi, improving mycorrhizal colonisation (left), and as seed germination stimulants for parasitic witchweeds and 
broomrapes, increasing risk and severity of parasitisation (right).  
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1.1.1 Strigolactones as phytohormones 
1.1.1.1 Branching 
Shoot branching, which greatly affects the overall shoot architecture, is influenced by environmental, 
genetic and developmental conditions. Branching is coordinated within plants by competition 
between buds. This competition is typically characterised by apical dominance, where apical shoots 
grow with priority over axillary buds (embryonic shoots with potential to grow into new branches). 
Decapitation or damage to the growing apical meristem results in release of apical dominance, and 
outgrowth of one or more axillary bud into a new branch. Whether, and when, each bud grows out is 
determined through integration of many exogenous and endogenous signals. Strigolactones are one 
of these signals. They act as a negative regulator of shoot branching and integrate into a complex 
regulatory system that also includes auxin, cytokinins, and non-hormonal signals, including sugars.  
Auxin has long been considered a key mediator of apical dominance. Auxin is produced by young 
growing leaves (for example on the apical shoot), and is transported down the stem via specialised 
polar auxin transport streams, inhibiting outgrowth of axillary buds below. This has been neatly 
illustrated in many species, where application of exogenous auxin to decapitated stems inhibited 
decapitation-induced branching 23,24. However, the activity of auxin is indirect: auxin is not 
transported into buds, and application of exogenous auxin directly to axillary buds does not inhibit 
outgrowth 25–27. Current evidence supports two mechanisms by which auxin inhibits bud outgrowth, 
both of which involve cross talk with strigolactones, as discussed below. Firstly, production and 
transport of auxin is a requirement of growing shoots, and apical auxin sources outcompete axillary 
buds for limited auxin transport capacity (the auxin canalisation model) 28–30. Secondly, auxin 
regulates the synthesis of second messengers, including strigolactones and cytokinins, which can 
enter the bud and modulate gene expression.  
Acting antagonistically to auxin, cytokinins are the primary phytohormones acting to promote 
branching, and application of exogenous cytokinins can trigger bud release 31–35. Expression of 
cytokinin biosynthesis genes is upregulated by decapitation, and downregulated by exogenous auxin 
in several species, raising the hypothesis that cytokinins act as auxin second-messengers, travelling 
into the bud where they mediate bud outgrowth via transcriptional changes 36–40. Indeed, cytokinin 
signalling triggers activation of a family of transcription factors that mediate wide-reaching 
transcriptional changes, including induction of genes involved in cell-cycle regulation, and repression 
of a central hub of branching regulation, the outgrowth-inhibiting transcription factor BRANCHED1 
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(BRC1) 41,42. There is also evidence that cytokinins promote bud outgrowth by upregulating auxin 
transport capacity, and thereby enabling young branches to establish auxin transport canals required 
for sustained growth 43. In this way, cytokinins may act to both reinforce and mediate the effects of 
auxin depletion.  
There are several models of SL activity with respect to their interaction with other plant hormones 
and regulation of plant architecture. Strigolactones act antagonistically to cytokinins, and in concert 
with auxins, repressing bud outgrowth. There is evidence that strigolactones act both upstream of 
auxin, modulating its transport, and downstream of auxin. Strigolactone activity upstream of auxin is 
described as the canalisation model, whereas downstream activity is described as the second 
messenger model. 
The canalisation model of SL activity posits that SLs inhibit bud outgrowth by decreasing auxin 
transport, thereby increasing competition between buds for access to polar auxin transport streams 
required for outgrowth. Consistent with this model, SL-deficient and SL-insensitive mutants 
exhibited increased accumulation of the PIN auxin transporter proteins and enhanced auxin transport 
in vitro 44,45 and in planta 46. Application of the synthetic SL GR24 reduced auxin transport and PIN 
transporter expression in the SL-deficient, but not the SL-insensitive, mutant 45. These results 
demonstrated that SL inhibits auxin transport, and suggest that changes to auxin transport may 
mediate SL activity. Accordingly, low-level inhibition of auxin transport in SL-deficient Arabidopsis 
decreased branching, although not to wild type levels 44. Similarly, auxin transport/strigolactone 
biosynthesis double mutants (pin1/max1 and pin1/max3) had reduced branching compared to the 
single SL mutants 44. The canalisation model is also consistent with findings that an apical auxin 
source is required for the SL analogue GR24 to inhibit branching in stem segments in vitro in several 
species 45,47–49. Overall, there is considerable evidence that SLs regulate auxin transport and that this 
contributes to the increased branching phenotype of SL mutants.  
However, substantial work on SL signalling in pea demonstrated that canalisation could not be the 
only mechanism by which SLs repress bud outgrowth. In decapitated pea plants, GR24 treatment of 
the most apical axillary bud inhibited its outgrowth, suggesting that an apical auxin source was not 
required for GR24 to inhibit outgrowth under these conditions 50. Treatment of buds with an auxin 
transport inhibitor, NPA, suppressed bud outgrowth to a lesser extent than GR24, especially at the 
early stages of bud growth, indicating that changes in auxin transport were insufficient to account for 
the observed effect of GR24 50. Furthermore, in contrast to results in Arabidopsis, GR24 did not 
decrease  auxin transport in pea except at concentrations well above those required to inhibit 
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branching 50. These findings established that SL activity cannot solely be mediated by changes in 
auxin transport, and favoured an alternate model as the primary means of SL activity in pea.  
In the direct action model of SL activity, SLs act as second messengers of auxin that are upregulated 
in response to auxin and move into the bud, where they directly modulate transcriptional activity. It 
is well-established that SLs induce transcriptional changes; however, the pathways through which 
these changes are effected, and the direct transcriptional targets of SL signalling have only been 
partially elucidated (reviewed in 51). SL and cytokinin signalling appear to converge on at least one 
transcriptional target, a central integrator of branching signals BRC1 in Arabidopsis and pea 52,53; 
although SL regulation of the BRC1 orthologue, TB1, was not observed in rice 39.  
Evidence that SLs act downstream of auxin in the direct action model is two-fold. Firstly, SLs are not 
dependent on auxin for activity, while auxin is in-part dependent on SL. The synthetic strigolactone 
GR24 reduced branching in the Arabidopsis auxin-response mutants axr1 and tir1 afb1 afb2 afb3 50, 
whereas auxin treatment had a reduced effect on an SL-deficient pea mutant compared to wild-type 
plants 46 (however, in the orthologous mutant in rice, auxin was capable of inhibiting decapitation-
induced branching to a similar extent to wild type 54). Secondly, auxin upregulated the strigolactone 
biosynthesis genes carotenoid cleavage dioxygenase 8 (CCD8) in pea, Arabidopsis, and rice, and 
carotenoid cleavage dioxygenase 7 (CCD7) in pea (but not rice) 54–57. Since SLs are usually below 
the limit of detection in shoots using current analytical techniques, it has not been confirmed whether 
auxin treatment increases SL levels.  
In addition to the model species pea, Arabidopsis, and rice, control of branching by SLs has been 
demonstrated in diverse species using genetic approaches and/or treatment with exogenous SL, 
establishing that the SL biosynthesis and perception pathways are conserved and widely mediate 
branching inhibition 47,58 49 48,58,59 47,49 48. Ultimately, the activity of SLs relies on both auxin 
canalisation and direct transcriptional changes, likely with each mechanism having differing 
importance in different species.  
1.1.1.2 Plant height and internode elongation 
SL-deficient and SL-response mutants are typically of semi-dwarf stature with short internodes 48,60,61. 
A study in pea demonstrated that the reduced height of SL mutants could not be accounted for by 
nutrient diversion to support the increased branching because neither manual removal of buds nor 
direct application of GR24 to buds rescued the plant height 60. However, systemic treatment with 
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GR24 increased internode length in the SL biosynthesis mutant but not the response mutant 60. These 
results suggest that strigolactone signalling directly regulates internode length. Consistent with this 
finding, SL-deficient mutants of Medicago truncatula exhibit short internodes despite no further 
increase in shoot branching compared to the already highly-branched wild type 62.   
While the molecular mechanisms of SL-dependent internode elongation are yet to be elucidated, 
impaired elongation in SL mutants appears to be independent of gibberellin, another phytohormone 
with major roles in internode elongation. Gibberellins promote internode elongation by promoting 
both cell elongation and cell division. In contrast, SL-deficient pea mutants exhibited normal cell 
size, and reduced internode length was attributed only to reduced cell division 60. Furthermore, 
SL/gibberellin double mutants had shorter internodes than single SL mutants, indicating that the 
hormones act, at least in part, via independent pathways 60. 
1.1.1.3 Gravitropism 
Plants sense gravity and maintain the direction of their shoot growth upwards, and their roots 
downwards. Gravitropism is mediated through the sedimentation of starch-filled amyloplasts, 
triggering asymmetric auxin distribution, which modulates the direction of growth 63. SL mutants of 
pea and Arabidopsis exhibit a reduced branching angle that was consistent with a modified gravitropic 
response 64,65. In line with this, an SL perception mutation in rice was found to suppress the phenotype 
of a shoot gravitropism mutant with high tillering angle 66. This prompted further investigation of the 
role of SLs in gravitropism. SL biosynthesis and response mutants in both rice and Arabidopsis had 
enhanced gravitropic responses that could be repressed by exogenous application of GR24 in the 
biosynthesis mutant but not the response mutant 66. SL-dependent changes in gravitropism correlated 
with auxin abundance in the lower side of the stem, leading to the suggestion that SLs modulate 
gravitropism by inhibiting auxin biosynthesis, a relationship that has also been reported in pea 67.  
1.1.1.4 Secondary growth 
Thickening of stems and roots is known as secondary growth, and is mediated by a tissue called the 
cambium, which proliferates in response to auxin. SL mutants were found to have reduced stem 
thickness in Arabidopsis and pea 68. GR24 was shown to stimulate cambium proliferation in 
Arabidopsis and Eucalyptus globulus, demonstrating the role for SLs in secondary growth is 
conserved across species 68. Auxin-induced cambium development was impaired in SL mutants, 
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whereas GR24 did not require auxin signalling to promote cambium proliferation, suggesting that 
SLs act downstream of auxin in a common signalling pathway 68.   
1.1.1.5 Leaf senescence 
The leaf senescence process reclaims of nutrients from old leaves, allowing for their recycling in 
growing organs and seeds. Senescence is inhibited by cytokinins and promoted by abscisic acid, 
ethylene, jasmonic acid, salicylic acid, and strigolactones. Before strigolactones were identified as 
plant hormones, a late-senescing phenotype was noted in mutants later understood to cause SL-
deficiency or insensitivity in Arabidopsis, rice and petunia 69–71. However, delayed senescence does 
not manifest in SL mutants in all species 72. GR24 applied to dark-incubated Arabidopsis and rice 
accelerated leaf senescence in SL biosynthesis mutants but not response mutants 22,73. Ethylene 
treatment upregulates SL biosynthesis genes, and SLs accelerated senescence in response to ethylene; 
however, neither hormone is completely dependent on the other for activity, indicating that SLs and 
ethylene trigger independent signalling pathways in addition to convergent signalling 73.  
1.1.1.6 Root architecture  
SLs have been proposed to regulate primary root length, lateral root formation, and adventitious 
rooting. However, these effects vary across species and growth conditions, potentially due to cross 
talk with other hormones.  
In most plants, strigolactones positively regulate embryonic root length (primary and seminal roots), 
especially under stress conditions.  In Arabidopsis grown under carbohydrate deprivation, treatment 
with GR24 increased primary root length, whereas SL mutant plants exhibited a shorter primary root 
74. In barley (Hordeum vulgare), a SL signalling mutant had shorter seminal roots, and GR24 
increased seminal root length in the wild type but not the signalling mutant 75. Similarly, rice showed 
increased seminal root length upon GR24 treatment 76. Low-phosphate or low-nitrate growth 
conditions, which are known to increase SL biosynthesis, also resulted in increased seminal root 
length in rice, and this response was suppressed by a SL biosynthesis inhibitor 77, and was impaired 
in SL mutant plants 76. The root response could be restored by exogenous rac-GR24 in the 
biosynthesis mutants but not the signalling mutant, consistent with SL-dependence 76. However, no 
primary root phenotype was observed in SL mutant rice plants under normal growth conditions 76. 
Furthermore, the role of SL was not consistent across other species, as tomato and medicago plants 
exhibited no primary root response to rac-GR24 78–80, and a Lotus japonicus SL biosynthesis 
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knockdown line had increased primary root length, which was unexpected based on results in rice 
and Arabidopsis 81.  
Under normal growth conditions, lateral root formation is widely inhibited by rac-GR24, and 
upregulated in SL mutants of Arabidopsis, rice, barley, L. japonicus, and M. truncatula, consistent 
with a negative regulatory role 74–76,80,82,83. In contrast, when grown on phosphate-limiting medium, 
Arabidopsis SL biosynthesis mutants had reduced lateral root formation compared to wild-type 74. As 
increased lateral root formation is a feature of early phosphate-limitation 84, this suggests that SLs are 
required for normal responses to nutrient-deprivation, consistent with their upregulation under these 
conditions 15,17.  
SLs promote root hair elongation, which is important for nutrient and water uptake. Treatment of A. 
thaliana with GR24 increased root hair length in wild-type and SL-deficient plants but not in an SL-
insensitive mutant 82. Ethylene and auxin also promote root hair elongation. Both ethylene and auxin 
have equivalent activity in wild type and SL-insensitive mutants, indicating that SL signalling is not 
required for the activity of either hormone. Conversely, SL had slightly reduced activity towards an 
auxin-insensitive mutant compared to wild type 85. Ethylene-insensitive mutants had a dramatically 
reduced response to SL treatment, suggested that SL activity may act upstream of ethylene signalling 
in root hair elongation. In support of this hypothesis, GR24 treatment increased expression of ethylene 
biosynthesis genes, and treatment with an ethylene biosynthesis inhibitor desensitized plants to SL 
treatment 85.  
Adventitious roots form from non-root tissues either as a response to stress (for example, as when 
roots grow from cuttings), or as a normal part of development in some plants 86. Adventitious rooting 
is increased in SL mutants, suggesting that SLs negatively regulate adventitious rooting 48,87. In 
accordance with this, GR24 decreased adventitious rooting in wild type plants and SL-deficient 
mutants, but not SL-response mutants of both pea and Arabidopsis 87. The changes in rooting were 
evident in both the number of adventitious roots, as well as the length of the rooting zone. The 
inhibitory effects of SLs on adventitious root development appeared to occur at the early stages of 
cell development, as a marker of the initial cell divisions was reduced by GR24 treatment and 
increased in SL mutants of Arabidopsis 87. Cytokinins and auxins are also known to suppress and 
promote adventitious root development, respectively. SLs appeared to act independently of both 
phytohormones, as adventitious rooting in SL mutants was responsive to cytokinins and auxins, while 
modulation of cytokinin and auxin signalling did not preclude responses to SLs 87.  
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1.1.1.7 Drought and salinity stress responses 
SLs have been positively linked to improved drought tolerance. Upon water deprivation or osmotic 
stress (for example, polyethylene glycol or NaCl treatment), plants respond by decreasing the size of 
their stomata to reduce transpiration-associated water loss, in part through increased production of 
abscisic acid 88. SLs also promote stomatal closure across several species, and appear to be required 
for full responsiveness to abscisic acid 89–92.  
During water deprivation, SL mutants of Arabidopsis had accelerated water loss and decreased 
survival, which was restored by exogenous application of GR24 in biosynthesis mutants but not 
response mutants 89. The enhanced water loss and reduced survival was likely due to stomatal changes 
that compromised water conservation, as SL mutants had enlarged stomatal aperture 90, and 
application of GR24 reduced stomatal aperture in Arabidopsis 90 and Vicia faba 91. Genetic and 
pharmacological studies demonstrated that SL-mediated stomatal closure was dependent on the 
accumulation of H2O2 and NO, second messengers that mediate stomatal closure in response to 
abscisic acid 88, but was not dependent on abscisic acid 90. In contrast, stomatal closure in response 
to abscisic acid was diminished or delayed in SL mutants of Arabidopsis and L. japonicus, suggesting 
SLs are required for stomatal sensitivity to abscisic acid 89,92. One potential explanation for the 
requirement of SLs for full abscisic acid activity is that abscisic acid may act in part by promoting SL 
biosynthesis. Consistent with this, abscisic acid-deficient tomato mutants, or wild-type plants treated 
with an abscisic acid biosynthesis inhibitor, had reduced SL content in their roots and root exudates 
93.  However, this model is complicated by the fact that levels of SLs and abscisic acid are not always 
correlated under drought stress. 
While drought conditions consistently upregulate abscisic acid 94, both up- and down-regulation of 
SLs has been reported, with evidence that SL regulation during water deprivation may be organ- and 
species-specific. Water deprivation increased expression of strigolactone biosynthesis genes in 
Arabidopsis leaves 89, tomato shoots 95 and in the stem base in rice 96. Rice root extracts had increased 
SL content upon water deprivation, and expression of SL biosynthesis genes increased in both roots 
and shoots 97. Similarly, osmotic stress induced by polyethylene glycol treatment increased SL 
content and the expression  of SL biosynthesis and response genes in the crown of Festuca 
arundinacea 98. In contrast, SL levels and gene expression was downregulated in the roots of species 
including tomato 95 and L. japonicus 92.  
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1.1.1.8 Additional roles of strigolactones 
Additional roles for strigolactones have been reported in flowering time in petunia 69, tuberisation in 
potato 99, and leaf morphology in Arabidopsis 100 and some M. truncatula ecotypes 62. There is also 
evidence that SLs play a role in reproductive development; although, the nature of this involvement 
has yet to be elucidated 64. A role for SLs in photomorphogenesis (light-regulated development) has 
also been suggested, as the SL signalling protein MAX2 positively regulated photomorphogenesis 
101–103. However, SL biosynthesis mutants did not exhibit a corresponding phenotype 102, and in the 
moss Physcomitrella patens a homologue of MAX2 mediates photomorphogenesis, but not SL 
signalling 104, suggesting that the involvement of MAX2 in photomorphogenesis is independent of 
SLs.  
Strigolactones also play a role in root nodulation, a symbiosis with nitrogen-fixing soil bacteria, that 
provides plant access to nitrogen in exchange for a dedicated niche for bacterial growth. Nodulation 
is widespread amongst legume species 105,106, and is initiated under nitrogen-limiting conditions. 
Application of GR24 increased nodulation in pea, alfalfa (Medicago sativa), and soybean (Glycine 
max)  107–109, and SL biosynthesis mutants or knockdown lines had reduced nodulation in L. japonicus, 
pea, and soybean 83,108,110,111.  
1.1.2 Strigolactones as rhizosphere signalling molecules 
Beyond their roles as plant hormones, strigolactones are important rhizosphere signalling molecules 
that facilitate symbioses with arbuscular mycorrhizal fungi (AMF). AMF are one of the most 
ecologically important symbiotic relationships, forming extensive hyphal networks that provide 
nutrients and water to host plants in exchange for photosynthesis-derived carbon sources. AMF form 
symbioses with approximately 80% of land plant species 7, are present in all natural ecosystems, and 
AMF hosts are almost invariably colonized by AMF when grown in natural environments 112.  
AM fungi have minimal growth until they encounter soil-signalling molecules from a host plant 
nearby, which triggers extensive hyphal branching around the host roots as an initial step in the 
colonisation process. The role of SLs as this branching factor was first reported in 2005, when an 
AMF branching factor from L. japonicus was isolated and determined to be the SL 5-deoxystrigol 6. 
In addition to promoting hyphal branching and growth, SLs promote mycorrhizal spore germination, 
mitochondrial biogenesis and respiration 113, and upregulate secretion of oligosaccharide and protein 
signals required for AMF recognition by the host 114,115. Consistent with their role in stimulating AMF 
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colonisation, SL-deficient and SL transport-impaired plants have reduced mycorrhizal colonisation 
13,116–119, as do plants grown under normal phosphate levels, where SL secretion is reduced 120,121. 
However, AMF colonisation in SL transport-impaired plants is morphologically normal 117, 
suggesting SL secretion increases the probability of host recognition, but is not essential for 
colonisation itself.  
AM symbioses improve plant fitness under diverse environmental conditions, with particular 
importance for access to inorganic nutrients, and tolerance to abiotic and biotic stresses. Plants grown 
with AMF have increased uptake of inorganic nutrients, especially phosphate. There is direct 
evidence that AMF hyphae can transport phosphate, nitrogen, zinc, sulphur, and iron from soil regions 
distal to plant roots 122–130. Osmotic stress caused by drought, high salinity or high temperatures is the 
cause of the majority of crop yield losses 131. AMF symbioses improve plant tolerance to osmotic 
stress, increasing biomass and photosynthetic efficiency under low water and high salinity. This is 
mediated by direct transfer of water from AMF to host plants 132,133, as well as protection against 
oxidative damage 134–136, changes to stomatal behaviour 137, and improved osmotic adjustment, a 
process that improves cell hydration and maintains turgor 138–140. In addition to protection against 
abiotic stresses, AMF associations also mitigate effects of many soil pathogens 141 and some 
herbivorous insects 142.   
1.1.3 Strigolactones as parasite germination stimulants 
SLs are potent germination stimulants for some of the most destructive parasitic weeds: species of 
Striga, Orobanche, and Phelipanche. Broomrapes (Orobanche spp. and Phelipanche spp.) parasitize 
many agricultural crops including legumes, tomatoes, tobacco, sunflower and crucifers 143. Striga 
species (witchweeds) infest maize, rice, sorghum and millet crops throughout Africa, reducing maize 
yields by up to 80% in highly infested fields, and causing substantial economic burden and food 
instability 144. It is estimated that Striga and Orobanche species infest upwards of 60 million hectares 
of farmland worldwide, resulting in billions of dollars of losses each year 144.  
The efficacy of these parasites lies in part in their host-dependent seed germination. Seeds from these 
parasites can lie dormant in the soil for over a decade 145, and have evolved to germinate only when 
a host root is nearby. This proximity-dependent germination is mediated by signalling from host root 
exudates, the most potent component of which is SL 1. Upon detection of SLs, an embryonic root 
emerges and penetrates the host root, forming a haustorium that establishes a xylem-xylem 
connection for transport of water and nutrients from the host root into the parasite 146.  
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1.1.4 Strigolactones regulate nutrient-stress responses 
SLs are key regulators of plant responses to nutrient deprivation. By promoting AMF colonisation, 
high SL exudation improves nutrient access (see section 1.1.2), while modulation of SL levels within 
plant tissue can modulate growth in response to nutrient starvation 147. 
SLs can be upregulated by several nutrient stresses including low phosphate, nitrogen, and sulphur. 
Phosphate deprivation is the most consistent regulator of SLs. Phosphate starvation increased SL 
production and exudation in both mycorrhizal and non-mycorrhizal plants from evolutionarily diverse 
families including cereals, legumes, nightshades, and mosses 15,110,148,149. Lupinus albus, a non-
mycorrhizal legume, was an exception: SL levels in exudates did not respond to low phosphate 150. 
SL responses to nitrogen deficiency were variable among species tested 147,149, and deficiency of 
sulphur (but not potassium, calcium, magnesium or iron) was reported to increase SL exudation in 
rice, but has not been thoroughly explored across species 151.  
Increased SL levels under nutrient stress are likely due to increased biosynthesis, as several SL 
biosynthesis genes are upregulated in response to nutrient deficiency. In M. truncatula, DWARF27 
(D27) expression was induced by phosphate deprivation, but not nitrogen deprivation 152,153, while 
sulphur starvation increased D27 expression in rice151 and Arabidopsis 154. Rice deprived of both 
sulphur and phosphate had elevated expression of D27 as well as the CCD7 and CCD8 homologues, 
D17 and D10, respectively 151. Low phosphate similarly increased expression of tobacco CCD8 155, 
and rice MAX1 homologues (see section 1.3 for an overview of SL biosynthesis genes)156,157. 
Regulation of SL production and exudation has been proposed to relate to a species’ nutrient 
acquisition strategy 150,158. Indeed, because of their capacity for root nodulation, legumes are not 
reliant on mycorrhizae for nitrogen uptake, and this could explain why legume species such as alfalfa 
and Trifolium pratense do not upregulate SL exudation in response to low nitrogen 17,149. Similarly, 
L. albus may not upregulate SLs in response to low-phosphate because it does not form symbioses 
with mycorrhizae. However, nutrient acquisition strategy cannot predict SL regulation patterns: the 
non-mycorrhizal Arabidopsis increased SL exudation in response to phosphate deficiency 18, and 
several nodulation-competent legume species responded to nitrogen deficiency 110,149. Thus, how 
plants regulate SLs in response to different nutrient conditions likely also depends on other SL 
activities, including regulation of plant growth, and parasitic seed germination.   
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There is evidence that SLs are involved in nutrient allocation, optimising plant growth for survival 
under nutrient stress. Many features of plants grown under nutrient deprivation correlate with 
processes that are upregulated by SLs. Low phosphate or nitrogen were shown to induce leaf 
senescence, decrease branching, and enhance root hair length in Arabidopsis, and increase seminal 
root length, while decreasing lateral root density in rice 18,21,159,160. These changes were attenuated in 
SL mutants, and in some cases could be restored by GR24 in SL-deficient but not SL-insensitive 
mutants, suggesting that these nutrient starvation responses are mediated or partially mediated by 
increased SL levels.  
 
1.2 Strigolactone diversity 
SLs exhibit substantial chemical diversity, with over 30 SLs identified to date 161 (Figure 1-2). 
Individual plants typically produce multiple strigolactones, and further variation is observed across 
different species 162. Based on their chemical structure, strigolactones are classed as canonical or non-
canonical. Canonical SLs have a three-ring structure (denoted ABC-rings) that connects via an enol-
ether bridge to a fourth methylbutenolide D-ring, whereas non-canonical SLs have more varied 
structures, lacking the ABC backbone but maintaining the enol-ether bridge and D ring (Figure 1-2). 
Canonical SLs are further divided into strigol-type and orobanchol-type structures based on the 
stereochemistry of the BC ring junction. Side group decorations such as hydroxylation, methylation, 
acetylation, and epoxidation, as well as conversion of the A ring to a benzene, add additional diversity 
to these different backbone structures.  
It should be noted that not all SLs shown in Figure 1-2 have been demonstrated to have hormonal 
activity. For example, CL and CLA are insufficient to confer a wild-type phenotype in Arabidopsis 
163, and are considered phytohormone precursors. However, these compounds can be considered SLs 
as they are endogenous metabolites in the SL biosynthesis pathway, induce hyphal branching in 
mycorrhizae 164, and have parasitic seed germination activity 165,166.  
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Figure 1-2. Strigolactone structural diversity. Canonical SLs have a four-ring structure, with A-, B-, and C-rings bound 
to the butenolide D-ring via an enol-ether bridge (see 5-deoxystrigol structure). Canonical SLs are grouped as strigol-
type (A) or orobanchol-type (B), based on the stereochemistry at the B-C ring junction. Non-canonical SLs (C) lack the 
four-ring structure, but maintain the D-ring chemistry. (D) GR24 is a commonly used synthetic SL analogue (uncoloured). 
 
Why do SLs exhibit such diversity? A reasonable hypothesis is that SL chemical diversity is the 
product of co-evolution with other organisms in the rhizosphere. The multiple roles of SL as a 
phytohormone, AMF branching factor, and parasitic seed germination stimulant would be expected 
exert competing evolutionary pressures. For many plant species, SLs that act as AMF branching 
factors would increase evolutionary fitness, while those that are potent parasitic seed germination 
stimulants would reduce fitness. Thus, plants have faced selective pressure to modify SL structures 
to escape seed germination while conserving AMF perception and phytohormone activity. 
Simultaneously, Striga and Orobanche spp. would have faced selective pressure to detect divergent 
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SLs to preserve host recognition. Evolutionary battles between hosts and parasites may in part explain 
the large variation of SL structures observed throughout nature. 
The resulting diversity has important implications in multiple areas of plant biology. Diversity 
amongst SLs plays an important role in host specificity of parasitic plants 167, and changes in SL 
profile can greatly impact parasite susceptibility.  For example, a mutation in the sorghum (Sorghum 
bicolor) LOW GERMINATION STIMULANT 1 (LGS1) gene changed the SL profile from strigol-type 
to orobanchol-type via an unknown mechanism 168–170, resulting in resistance to S. hermonthica and 
S. asiatica 171,172. The mycorrhization status of lgs1 mutants was similar to wild-type sorghum, 
potentially because total SL content remained similar 169. Similarly, a Striga-resistant maize cultivar 
was characterised by reduced 5-deoxystrigol but increased sorgomol exudation, and had comparable 
mycorrhization to a susceptible cultivar 173. As Striga infestations are most severe in low-nutrient 
soils, efficient mycorrhization is important for nutrient acquisition in Striga endemic areas. Therefore, 
resistant varieties with normal mycorrhization are particularly valuable, and these examples illustrate 
the impact of understanding and exploiting SL diversity.  
The importance of SL diversity for other SL activities –AMF colonisation and phytohormone 
signalling – is less certain. Different SLs have widely differing potencies for inducing hyphal 
branching in the AMF Gigaspora margarita 174. While AMF-plant symbioses do not show strict 
specificity, there is evidence that plants influence their complement of soil AMF 175. Future research 
will likely elucidate whether SLs play a role in this control. 
The role of SL diversity in plant development is an understudied area of research with wide-reaching 
implications. It is clear that SL profiles have some consequences for plant development. For example, 
although methyl carlactonoate (MeCLA) interacts with the SL phytohormone receptor 166, additional 
SLs are required for a wild-type phenotype in Arabidopsis 163. Arabidopsis lbo mutants, which are 
deficient in an enzyme that acts downstream of MeCLA, have a mild branching phenotype compared 
to mutants of early biosynthesis genes that are deficient in all SLs, indicating that not all bioactive 
SLs are functionally equivalent 163. Furthermore, there is evidence that plants respond specifically to 
different strigolactones. In rice, sorghum and tobacco (Nicotiana tabacum), transport of 
hydroponically supplied SLs from root to shoot was stereoselective: only SLs of the same 
stereochemistry as that produced naturally in each plant were transported 176. These findings raise 
important unanswered questions. How is specificity of SL transport controlled? How many diverse 
SLs can bind with the SL receptor? Does the production of multiple different SLs have significance 
for plant development, and if so, how?  
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Additional outstanding questions surround the production of SL diversity. Of over 30 SLs identified 
to date (Figure 1-2), few have had their biosynthetic pathways described (Figure 1-3). The genes 
responsible for conferring diverse decorations remain elusive, and it is unclear how stereochemistry 
is controlled (see section 1.3). Elucidating these biosynthetic pathways will be critical to 
understanding, and exploiting, SL diversity.   
 
1.3 Strigolactone biosynthesis 
SLs are derived from β-carotene, an isoprenoid pigment essential for biosynthesis of photosynthetic 
machinery and for photoprotection 177. β-Carotene is produced in plant plastids via the 
methylerythritol-5-phosphate isoprenoid pathway, and is converted to the SL precursor carlactone 
(CL) via three enzymes: an isomerase DWARF27 (D27), and two carotenoid cleavage dioxygenases, 
CCD7 and CCD8 (Figure 1-3) 165. Subsequent downstream reactions convert CL to diverse SLs 
(Figure 1-3). These downstream conversions are largely uncharacterized, but involve members of the 
cytochrome P450 CYP711A family in several species 166,178,179. CYP722C family cytochromes P450, 
and 2-oxoglutarate-dependent dioxygenases are also emerging as major players in SL diversification 
163,180,181. 
The CL biosynthesis pathway is highly conserved across plant species 182,183. D27 catalyses the 
reversible isomerization between all-trans--carotene and 9-cis--carotene (Figure 1-3) 165. CCD7 
subsequently cleaves the 9-cis isomer of -carotene to produce 9-cis--apo-10-carotenal and -
ionone. 9-cis--apo-10-carotenal serves as the substrate for CCD8, which catalyses a non-canonical 
carotenoid cleavage dioxygenase reaction involving two cyclisations and expulsion of an acidic 
secondary product to produce CL 184. The activities of each D27, CCD7 and CCD8 were determined 
in vitro after heterologous expression in Escherichia coli 165. Before D27 was found to produce 9-cis-
-carotene, sequential cleavages of  all-trans--carotene by CCD7 and CCD8 were described185; 
however, the end product, β-apo-13-carotenone, could not restore the phenotype of ccd8 mutant 
rice165. In contrast, carlactone restored the phenotype of d27, ccd7 and ccd8 mutant rice 165, and 
conversion of isotope-labelled CL to 4DO in rice confirmed that CL is an endogenous biosynthetic 
precursor to SLs 186. 3-Hydroxycarlactone has also been identified as a product of this pathway, and 
a naturally-occurring metabolite in plants 187. Such modified carlactones are potentially produced 
from different carotenoid precursors and may contribute to SL diversity.   
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Figure 1-3. Current understanding of the SL biosynthesis pathway. Isoprenoid precursors IPP and DMAPP are produced 
in the plastid via the methylerythritol 4-phosphate (MEP) pathway. The 20-carbon isoprenoid GGPP is converted to 
diverse carotenoids in the chloroplast, including β-carotene. The conversion of β-carotene to the SL precursor, CL, occurs 
via a conserved pathway catalysed by an isomerase and two carotenoid cleavage dioxygenases, localised to the 
chloroplast. Alternative naming from different plant species are indicated in brackets. A parallel pathway also produced 
3-hydroxycarlactone (3-H-CL), potentially via hydroxylation of 9-cis-β-carotene to 9-cis-zeaxanthin. CL (and potentially 
3-H-CL) is thought to move to the cytosol for conversion to downstream SLs. CYP711a and CYP722c family cytochromes 
P450 putatively localised on the endoplasmic reticulum are involved in downstream SL biosynthesis (right). Three types 
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of CYP711a have been identified. All types convert CL to CLA, A2-type additionally convert CLA to 4DO via an 
intermediate tentatively identified as 18-OH-CLA, and A3-type additionally convert 4DO to orobanchol. CYP722c 
enzymes that convert CLA to orobanchol and its stereoisomer 4-hydroxy-5-deoxystrigol have been identified in tomato 
and cowpea. Grey: In Arabidopsis, CLA is further converted to a SL tentatively identified as 1′-OH-MeCLA via the action 
of an unidentified methyl transferase and LBO, which is conserved across land plants 163,165,166,179,183,186–188. Metabolite 
abbreviations: G3P: glyceraldehydle-3-phosphate; DXP: 1-Deoxy-D-xylulose-5-phosphate; MEP: 2C-methyl-D-
erythritol-4-phosphate; CDP-ME: 4-diphosphocytidyl-2C-methyl-D-erythritol; CDP-ME2P: 4-diphosphocytidyl-2C-
methyl-D-erythritol-2-phosphate; ME-cPP: 2C-methyl-D-erythritol-2,4-cyclodiphosphate; HMBPP: 4-hydroxy-3-
methyl-2-(E)-butenyl-4-diphosphate; IPP: Isopentenyl-diphosphate; DMAPP: Dimethylallyl-diphosphate; GGPP: 
geranylgeranyl pyrophosphate; CL: carlactone; SL: strigolactone; HMG-CoA: hydroxymethylglutaryl CoA; MVA: 
mevalonate; MVA-5P: mevalonate-5-phosphate; MVA-5PP: mevalonate-5-pyrophosphate; FPP: farnesyl 
pyrophosphate; CLA: carlactonoic acid; H-OH-CLA: 18-hydroxycarlactonoic acid; MeCLA: methyl carlactonoate; 1′-
OH-MeCLA: hydroxymethyl carlactonoate; 4DO: 4-deoxyorobanchol. Enzyme abbreviations and ordered locus names 
for A. thaliana: DXS: DXP synthase (At4g15560); DXR: DXP reductoisomerase (At5g62790); CMK: CDP-ME kinase 
(At2g26930); MDS: ME-cPP synthase (At1g63970); HHDS: HMBPP synthase (At5g60600); HDR: HMBPP reductase 
(At4g34350); IDI1: IPP DMAPP isomerase 1 (At5g16440) IDI2: IPP DMAPP isomerase 2 (At3g02780); GGDS: 
geranylgeranyl pyrophosphate synthase (At4g36810 and potentially other isozymes); PSY: phytoene synthase 
(At5g17230); PDS: phytoene desaturase (At4g14210); Z-ISO: 15-cis-ζ-carotene isomerase (At1g10830); ZDS: ζ-
carotene desaturase (At3g04870); CRTISO: Carotenoid isomerase (At1g06820 and/or At1g57770); LCYB: lycopene 
cyclase β (At3g10230); D27: β-carotene isomerase D27 (At1g03055); CCD7: carotenoid cleavage dioxygenase 7 
(At2g44990); CCD8: carotenoid cleavage dioxygenase 8 (At4g32810); CYP711A1 (At2g26170); LBO: lateral branching 
oxidoreductase (At3g21420). 
 
SL biosynthesis pathways diverge greatly downstream of CL, vary significantly between species, and 
have yet to be elucidated for most SLs. Arabidopsis MAX1 and its homologues were the first enzymes 
downstream of CL to be identified 166,179. These enzymes belong to the CYP711A family of 
cytochromes P450, and are thought to localise to the endoplasmic reticulum. The canonical activity 
of CYP711A proteins is the oxidation of carlactone at its C19 methyl group to produce carlactonoic 
acid (CLA) (Figure 1-3)188. Enzymes with only this activity are classified as A1-type, while A2-type 
additionally convert CLA to 4-DO via an intermediate tentatively identified as 18-
hydroxycarlactonoic acid (18-OH-CLA). A3-type CYP711a enzymes convert CL to CLA and 4-DO 
to orobanchol (Figure 1-3). A1-type CYP711As appear to be most widespread, with enzymes 
identified in Arabidopsis, Solanum lycopersicum, Populus trichocarpa, Oryza sativa, and Zea mays 
188. O. sativa also has one of each A2-type and A3-type, thus completing the pathway from CL to 
orobanchol, the most abundant SL in rice 179. The CYP711a in L. japonicus does not fit into these 
classifications, and converts CL to 18-OH-CLA via CLA 189. 
Recently, CYP722C family cytochromes P450 have emerged as likely key players in SL biosynthesis 
downstream of CLA. In Lotus japonicus, a CYP722C knockout did not produce detectable levels of 
5-deoxystrigol, the major canonical strigolactone found in wild-type L. japonicus 181. Similarly, 
orobanchol, a SL found in wild-type tomatoes (Solanum lycopersicum), could not be detected in 
CYP722C knockouts 180. In vitro, CYP722C from tomato and cowpea (Vigna unguiculata) converted 
CLA to orobanchol and its stereoisomer 4-hydroxy-5-deoxystrigol 180. Since 4-hydroxy-5-
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deoxystrigol has not been detected in either cowpea or tomato, it was proposed that additional 
mechanisms may exist in planta to control the stereochemistry at the B-C ring junction 180. A low 
Striga germination stimulant sorgum mutant exhibited a change in SL profile from strigol-type to 
orobanchol-type that was attributed to deletion of an uncharacterised gene containing a 
sulfotransferase domain 169. Characterisation of this gene may provide insight into the mechanisms 
of stereochemistry control. 
In addition to cytochromes P450, 2-oxoglutarate-dependent dioxygenases are involved in SL 
diversification. Arabidopsis has only one CYP711A, MAX1, which converts CL to CLA (Figure 1-3) 
166. In vivo methylation of CLA by an unknown methyltransferase produces MeCLA, which binds the 
SL receptor and has some biological activity 166. However, downstream processing of MeCLA by a 
haem protein LATERAL BRANCHING OXIDOREDUCTASE (LBO) was required for a normal SL 
phenotype (Fig. 1) 163. Reciprocal grafting studies indicated that LBO acted downstream of  MAX1. 
In vitro, crude extracts of E. coli expressing LBO were able to reduce levels of MeCLA, producing a 
product corresponding to the mass of methyl-carlactonoate + 16 Da, likely hydroxymethyl 
carlactonoate 190 (Figure 1-3). While lbo mutants in other plants have not been identified, 
phylogenetic analysis suggests that LBO-like proteins are present in all land plants 183. A 2-
oxoglutarate-dependent dioxygenases from a closely related clade to that containing LBO is also 
involved in non-canonical strigolactone biosynthesis in L. japonicus, as mutants lack the non-
canonical SL lotuslactone 181. Details on its substrate and enzymatic activity are still lacking. 
It remains unclear which enzymes are involved in the hydroxylation, epoxidation, acetylation and 
other decorations observed in the diverse canonical and non-canonical strigolactones described to 
date. Nevertheless, results to date support a scheme where the undecorated canonical strigolactones, 
5-deoxystrigol and 4DO, provide backbones for subsequent decorations. Isotope-labelled 5-
deoxystrigol was converted to strigol by cotton and sorgomol by Chinese milk vetch and sorghum, 
while labelled 4DO was converted to orobanchol by rice, and 2’,8-bisepi-sorgomol by bell pepper 
191,192.  Furthermore, at least some SL decorations are catalysed by cytochromes P450 as uniconazole-
P inhibited the conversion of 5-deoxystrigol to sorgomol in sorghum 192. The identity of these P450s, 
and the pathways of conversion remain unknown. 
Much is yet to be learnt about SL biosynthetic pathways. It is likely that as-yet unidentified SL 
diversity provides redundancy that results in mutants of SL diversification genes exhibiting a mild or 
wild-type-like phenotype. This would preclude forward genetics as an effective method of identifying 
the genes involved, and new tools are likely to be required to fully delineate SL biosynthesis. The 
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potential to modulate SL diversity for parasite evasion or enhanced mycorrhization, as well as a 
potential functional role of SL diversity for plant development, make this a critical gap in our 
understanding of SL biology (see section 1.2). 
1.4 Strigolactone perception and signal transduction 
SLs are perceived by an α/β hydrolase called D14, triggering protein-protein interactions that mediate 
degradation of an SL signalling repressor (Figure 1-4). Upon SL perception, D14 (known as DAD2 
in Petunia hybrida and RMS3 in Pisum sativum) forms a complex with MAX2 (known as D3 in rice) 
and D53 (or homologues SMXL6, SMXL7, or SMXL8 in Arabidopsis). MAX2 is an F-box substrate 
recognition component of a Skp-Cullin-F-box (SCF) E3 ubiquitin ligase, while D53 is a repressor of 
SL signalling. Upon SL-induced complex formation, the SCF E3 ligase ubiquitinates D53, which 
causes transcriptional changes that mediate SL signalling. D14 is also degraded by proteolysis in 
response to SLs, generating a negative feedback loop 193. 
1.4.1 How does the SL receptor propagate signalling? 
In the classical mode of hormone perception, hormones reversibly bind their receptors, leading to 
signal transduction. In contrast, the SL receptor, D14, hydrolyses SLs, separating the D-ring from the 
rest of the SL backbone. In canonical SLs, this produces an ABC ring formyltricyclic lactone (ABC-
FTL), and the D-ring hydroxymethylbutenolide (HMB) (Figure 1-4) 194–196. The dual activities of D14 
as an SL receptor and SL hydrolase have complicated our understanding of SL perception. Indeed, 
the mechanism by which D14 perceives SLs, the relationship between hydrolysis and signal 
propagation, and the identity of the active form of SLs remain uncertain.  
Early crystal structures of D14 showed minimal structural rearrangements between apo-D14 and D14 
bound to GR24, a reaction intermediate, or the D-ring hydrolysis product 194–197. In contrast, a crystal 
structure of an SL-induced complex (PDB (Protein Data Bank) ID 5HZG) containing Arabidopsis 
D14, rice D3, and an additional Arabidopsis SCF component (ASK1), showed a large structural 
rearrangement of the D14 lid domain into a closed conformation that sealed the binding pocket 198. 
The closed lid domain contributed to the binding interface with D3, indicating that this 
conformational change may mediate signal propagation. The binding pocket contained density that is 
consistent with the D-ring covalently bound to H247 (and potentially also to S97) 198,199. This 
structure, combined with the detection of the D-ring-modified H247 peptide by mass spectrometry 
198,200, suggested that this covalently linked hydrolysis product was the active form of SL. This was 
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consistent with a previous finding using the pea D14 orthologue, RMS3, that an SL analogue that was 
hydrolysed by RMS3 but lacked a D-ring methyl group required for covalent binding, did not have 
SL activity in planta 200. These results supported a model where D14 hydrolysis of SL produced a 
covalently bound ligand, inducing a conformational change in the lid domain that was required for 
interaction with MAX2/D3 and D53/SMXL6/7/8. This model was favoured until recent results raised 
new questions.  
 
 
Figure 1-4. Strigolactone perception machinery. Schematic illustrating strigolactone signal propagation in plants. In the 
absence of SL, D53 (or SMXL6/7/8 orthologues) repress downstream SL signalling. TOPLESS-related (TPR) co-
repressors and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family transcription factors such as IPA1 
are implicated in SL signalling. SLs are perceived and hydrolysed by D14, although the relationship between hydrolysis 
and signal propagation is unclear. SL perception by D14 triggers interaction with D53 and MAX2, the substrate-
recognition component of an SCF ubiquitin ligase complex. The SCF ligase ubiquitinates D53, targeting it for 
proteasomal degradation and causing transcriptional de-repression of downstream SL signalling. SL signalling also 
triggers proteasomal degradation of D14 via an uncharacterised pathway. Alternate names of proteins from different 
plant species are indicated in brackets.  
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An enzymatically inactive mutant of D14 that could propagate SL signalling suggested that SL 
hydrolysis is not required for signal transduction 201. Furthermore, conformational change of D14 (to 
an unknown conformation detected by a shift in melting temperature) correlated with GR24 
concentration but not that of GR24 cleavage products post-hydrolysis 201. These results are more 
consistent with uncleaved SL being the active form rather than the covalently linked hydrolysis 
product. Molecular docking experiments of GR24 in the enclosed binding pocket of the D14-D3-
ASK1 (5HZG) structure predicted favourable binding 201, suggesting that intact SLs are compatible 
with the observed conformational change. 
The model of SL signal propagation is further complicated by evidence that the D14 and D3 have 
multiple modes of interaction. The C-terminal helix of D3 was shown to adopt two conformations, 
and D3 was found to interact with D14 via two different interfaces 202. Incubation of D14 and SL with 
full-length D3 appeared to stabilise the covalently linked hydrolysis product, potentially via the same 
interactions found in the D14-D3-ASK1 (5HZG) complex: i.e., D3 with an engaged C-terminal helix 
interacting with D14 in a closed-lid conformation. In contrast, the isolated D3 C-terminal helix 
interacted with the open-lid conformation of D14 in an SL-dependent manner, and inhibited SL 
hydrolysis, suggesting it stabilised the intact SL in the D14 binding pocket 202.  
While much light has been shed on SL perception, critical outstanding questions remain. Does SL 
hydrolysis contribute to signal transduction, or deactivate SL as a negative feedback mechanism? 
How do the two different modes of interaction between D14 and D3 relate to signal propagation? 
Future crystallographic, enzymatic and protein dynamics studies will be required to elucidate some 
of these unanswered questions. 
1.4.2 How does SL signalling cause transcriptional changes 
D53 and homologues SMXL6/7/8 localise exclusively to the nucleus, and complex with the 
TOPLESS(TPL)/ TOPLESS-RELATED (TPR) family of transcriptional co-repressors, suggesting 
that they regulate transcription 203–205. There is growing evidence that members of the SQUAMOSA 
PROMOTER BINDING PROTEIN-LIKE (SPL) family of transcription factors are key mediators of 
SL-regulated processes, acting with D53 to control transcription 206,207. SPL family member IPA1 
interacted with rice D53 in vitro and in vivo, and ipa1 mutant rice plants exhibited an SL-insensitive 
increased-branching phenotype 207. Direct downstream targets of IPA1 include D53 (mediating 
feedback regulation) 207, and rice TEOSINITE BRANCHED1, the orthologue of A. thaliana BRC1 208. 
Chromatin immunoprecipitation sequencing demonstrated that haemagglutinin-tagged SMXL6 
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bound the promoter region of BRC1 209. BRC1 is an important regulator of shoot branching that 
integrates signals downstream of multiple hormones 51. BRC1 is rapidly upregulated in response to 
SL treatment, is repressed in d14 and max2 mutants, and is upregulated in smxl6/7/8 mutants. BRC1 
also mediates abscisic acid upregulation in response to SL 209. In addition to BRC1, other transcription 
factors mediate other hormonal activities of SL, including TCP DOMAIN PROTEIN 1, which 
contributes to leaf-shape regulation, and PRODUCTION OF ANTHOCYANIN PIGMENT 1, which 
controls anthocyanin accumulation 209.  
While the role of D53 and SMXL6/7/8 as transcriptional co-repressors is well-established, recent 
electrophoresis mobility shift assay data demonstrated direct binding of SMXL6 to the promoter 
region of SMXL6, SMXL7 and SMXL8, indicating that SMXL6 acts as a repressive self-regulating 
transcription factor 209. This is the first time that this mechanism of transcriptional self-regulation has 
been reported in phytohormone signalling.  
1.4.3 SL perception for parasitisation and AMF symbiosis 
SL-induced seed germination of Orobanche and Striga parasitic plants is mediated by hyposensitive 
to light (HTL)-type α/β hydrolases that underwent convergent evolution to detect SLs independently 
of D14 210. KAI2/HTL-type receptors are paralogues of D14 that are involved in detection of karrikins 
in most plants, and have roles in seed germination through SUPPRESSOR OF MAX2 1 (SMAX1)-
dependent signalling. In Orobanche and Striga parasitic plants, HTL underwent extensive gene 
duplication 210. A divergent HTL clade that is present only in parasitic species encodes receptors that 
detect SLs 210,211. In S. hermonthica, HTL7 (ShHTL7) is the highest sensitivity of these receptors, and 
plays a dominant role in Striga seed germination 212. Similar to D14, ShHTL7 hydrolyses 
strigolactones, and this reaction produces a covalent modification of the catalytic histidine 
corresponding to SL D-ring 213.  
In most plants, gibberellin signalling and degradation of the downstream transcriptional repressor 
DELLA proteins is required for seed germination, while KAI2/HTL signalling plays only a minor 
role 214. In contrast, expression of ShHTL7 in A. thaliana seeds enabled SL-dependent seed 
germination through SMAX1, bypassing the need for DELLA protein degradation 214. The ability to 
induce germination in the absence of gibberellin signalling could not be completely accounted for by 
expression level, indicating that the Striga SL receptor is inherently more effective than KAI2/HTL  
at triggering seed germination 214.  
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The molecular mechanisms of SL perception in arbuscular mycorrhizae are unknown, and D14-like 
proteins have not been found in arbuscular mycorrhizal genomes published to date 215–219.  SL 
perception may involve calcium signalling, as SL treatment caused a rapid, transient increase in Ca2+ 
concentration in germinated spores of the AMF G. margarita 220.  
 
1.5 Towards modulating strigolactone signalling for agriculture and beyond 
1.5.1 Use of plant hormones in agriculture  
Hormones and hormone analogues have a long history in agricultural, horticultural, and viticultural 
applications. The plant growth regulator market was over USD 5 billion in 2017, and is forecast to 
grow to approximately USD 10 billion by 2025 221. Cytokinins delay senescence of leaves, fruits and 
flowers, prolong storage life 222, and enhance yield and quality of diverse crops 223. The synthetic 
auxin mimic, 2,4-dichlorophenoxyacetic acid, is widely used as a selective herbicide that kills many 
dicot weeds, without affecting monocots, such as lawns and crop cereals 224. In addition, auxin-based 
formulations are commercially available for enhancing adventitious rooting, which enables clonal 
propagation from stem cuttings – used for propagation of ornamental plants, and fixing desired 
genotypes for breeding programs 225. Gibberellins are used in agriculture and viticulture to increase 
fruit size and quality, and delay ripening, with the global market of gibberellins and gibberellin 
inhibitors reaching approximately US$ 500 million annually 226. Ethylene and ethylene-releasing 
compounds are widely used for fruit ripening, floral regulation, and to increase stem stiffness and 
reduce lodging in cereals 227. Similar to other phytohormones, it is expected that SLs may have 
applications as agrochemicals for improving agronomic properties of varied crops and horticultural 
plants. Depending on the target action, SLs may act as plant growth regulators, biofertilisers or natural 
herbicides 143.  
1.5.2 Translation of strigolactones into agriculture – tested examples 
Use of SL analogues as agrochemicals has been validated at field trial level, albeit with limited scope. 
While these trials have been restricted with regards to both application and crop species, they provide 
clear demonstrations of the utility of SLs in agriculture, and justify continued research of SL 
applications.   
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The best-investigated application of SLs is in the control of witchweeds and broomrapes (Striga, 
Orobanche, and Phelipanche spp.). These are some of the world’s most destructive parasitic weeds, 
and in infested areas, are major causes of food instability and economic burden 144.  
As agrochemicals, SL analogues have shown good success in controlling Striga and Orobanche by 
suicidal seed germination. Application of SL analogues to soil can induce germination of the 
parasites, which cannot survive in the absence of a host, thereby depleting the seed bank in the soil. 
The SL mimic T-010 reduced Striga hermonthica emergence 94-100% in pots, and by 33% in 
sorghum field trials. Despite the moderate reduction in parasitisation in field trials, the T-010 
treatment was associated with 187-241% increases in sorghum head dry weight 228. In Striga-infested 
maize field trials, field pre-treatment with the SL mimic AB01 decreased Striga biomass, and Striga 
count, and increased maize yield 229. Similarly, SL analogues Nijmegen-1 and Nijmegen -1 Me were 
effective in controlling Orobanche ramosa in tobacco crops in several field trials. Of nine field trials 
in areas experiencing O. ramosa infestations, four saw over 95% reduction in O. ramosa emergence 
with Nijmegen-1 or Nijmegen-1 Me treatment, while two saw O. ramosa reduction by 60-70% 230. 
Nijmegen-1 and additional analogues MP1 and MP3 were also successful in decreasing Striga 
emergence in rain-fed smallholder farms in sub-Saharan Africa 231. This efficacy in low-input, rain-
fed smallholder farms is critical, as it demonstrates that suicidal seed germination is a realistic 
approach in the areas with the most severe Striga infestations.  
Beyond the control of parasitic weeds, SLs have utility as agrochemicals for increasing drought 
tolerance and mitigating yield losses in conditions of low water and high salinity. There is evidence 
that application of exogenous SLs improves drought tolerance in several commercially-grown crop 
species 229,232–234. In maize and sunflower, this is supported by field trials: the SL mimic AB01 
enhanced grain yield, kernel mass, and kernel set of maize grown under drought conditions 229, and 
an SL mimic increased stomatal conductance in field-grown maize and sunflower 235.  
The combined roles of SLs in various nutrient response processes may make them particularly 
important targets for optimising crops for low-fertility soils. For example, overexpression of the SL 
transporter improved Petunia hybrid phosphate uptake and plant biomass through a combination of 
modified root system architecture and faster mycorrhization 236. In field trials, soil treatment using 
SL mimics increased nitrogen uptake efficiency of maize and sunflower grown under low-input 
conditions, demonstrating potential for agrochemical applications in this area 235. 
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SLs have also increased crop yields of zucchini squash (Cucurbita pepo L.) and ‘Hamlin’ sweet 
oranges under normal growth conditions. Spray application of SL analogue Fenyl 7-isomer in 
combination with nitrogen fertiliser Pentakeep Super to zucchini squash increased fruit yield in field 
trials 237. GR24 spray application to glasshouse grown ‘Hamlin’ sweet oranges similarly increased 
yield 238. While the mechanisms underlying yield gains were not explored in these studies, they may 
relate to enhanced nutrient access, and/or diversion of resources to fruit rather than branching. 
The above examples illustrate the power of manipulating SL signalling. However, many of the 
activities of SLs remain unexploited. There are underexplored potential applications of SLs in 
optimizing branching patterns in fruit trees, reduce lodging in cereals by upregulating secondary 
growth, optimizing root system architecture, enhancing mycorrhization, and responding to nutrient 
stress. Through these activities, and their demonstrated value for combatting parasitic weeds, 
enhancing yield, and improving drought-tolerance, SLs have great potential to address some of the 
challenges facing modern agriculture: feeding a growing population in a changing climate with 
sustainable practices (Figure 1-5).  
 
 
Figure 1-5. Agricultural applications of SLs.  As agrochemicals, SLs and SL mimics have potential to increase crop 
productivity and resilience via multiple mechanisms. 
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1.5.3  Challenges for effective utilisation of strigolactones in agriculture 
Currently, the major impediment to development of agriculturally useful SL strategies and application 
of them in agriculture is the lack of an economically feasible production source. In addition, there is 
a need to understand the different activities of SLs, and effectively managing these activities in 
agronomic settings will be needed to prevent off-target effects and reduce environmental impact. 
1.5.3.1 Strigolactone sources 
Currently, SLs can be isolated from their natural sources or synthesized chemically; however, SL 
quantities are limited using either approach. Use of low- or no-phosphate growth media can increase 
SL production by plants 100-1000 fold; however, maximum yields from plants are still in the range 
of hundreds of ng per g of root per day 15–17. This is insufficient for basic research and development, 
let alone for agricultural applications.  
Due to the structural complexity and stereochemistry of SL, chemical synthesis of natural SL is not 
feasible for high level production: synthesis usually requires over 20 steps and is currently unable to 
achieve multigram amounts for most strigolactones 143. Biologically active SL analogues can be 
synthesized with higher yields, and have been an important source of SL for research. The 
commercially available SL analogue GR24 has high parasitic seed germination and branching 
inhibition activity and is routinely used to investigate SL activities. Other biologically active SL 
analogues with modified or simplified structure have been reported with simpler synthesis and higher 
yields. Nijmegen-1, which can be synthesized as a racemic mix in only two steps, has high seed 
germination activity, and has been used in a field trial to trigger suicidal germination of Orobanche 
at concentrations of only 6.25 g per hectare 143,230,239. However, the cost is still limiting for broad scale 
applications. Based on current catalogue prices for this compound, the cost of the treatment would 
equate to over €70,000 per hectare 240. 
Microbial engineering for exogenous expression of SL has been suggested as a solution to increase 
SL yields for agricultural applications 241. Reconstruction of the SL biosynthetic pathway in microbial 
hosts such as yeast or E. coli can enable SL production in heterologous hosts 229. Strain engineering 
and bioprocess development may render such microbes efficient producers of SL at economically 
useful titres, as has occurred for other industrially relevant chemicals in the isoprenoid family 242. 
This approach has been hindered by a poor understanding of the biosynthetic pathway. However, 
recent advances in our understanding of SL biosynthesis (e.g. 180,188) makes it an increasingly 
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attainable endeavour . Expression of D27, CCD7, CCD8 and MAX1 (from unknown organisms) in 
lycopene-producing Pichia pastoris was reported to produce SL in a patent application 243, suggesting 
this may be a viable route to SL production. However, details surrounding methods and titres were 
not reported, and a detailed investigation of SL bioproduction is yet to be published.  
One advantage of microbial production is that it typically produces enantiomerically pure structures, 
whereas chemical synthesis routes typically generate racemic mixes. As there is evidence that the 
non-natural enantiomer binds to, and activates, a distinct receptor to that of SL 244, enantiomerically 
pure SL preparations may have a reduced risk of off-target effects. While bioproduction may currently 
be limited by the characterised biosynthetic pathways (Figure 1-3), microbial production of diverse 
SLs can be envisaged can be envisaged as additional pathways are elucidated. To this end, a SL 
production platform may provide a convenient system for discovering and testing new biochemical 
pathways. There is also potential to use bioproduction platforms to produce new-to-nature structures 
with novel properties using promiscuous 245 or engineered enzymes 246–251. High-throughput 
screening methods for SLs would expedite the development of high-producing strains as well as 
identify novel strigolactones and enzymes.  
1.5.3.2 Improving control of strigolactone action 
As SLs have activities in parasite-host recognition, AMF symbioses, plant development and stress 
responses, the risk of off-target effects from SL treatments is significant. A better understanding of 
the structure-activity relationship for each SL function would aid in mitigating these risks. Preferably, 
the multiple activities of SLs would be decoupled by using SL analogues that activate only one of the 
hormonal, parasitic or symbiotic signalling pathways. To this end, the compounds SPL-7, which 
triggers parasitic seed germination but does not activate the hormonal SL receptor 252, and 113D10, 
which acts as a SL agonist in an Arabidopsis bioassay but does not trigger parasitic seed germination 
253, provide leads for development of specific SL mimics. Methods to identify additional compounds 
with specific activities would be valuable for finding appropriate compounds with economically 
viable production routes. 
1.5.3.3 Strigolactone stability and formulations for agricultural use 
SLs and SL analogues typically have low stability in aqueous solutions. One method to overcome 
stability issues is storage and application in a formulated form. Formulations of SL analogues have 
been successful in achieving sustained shelf life and good activity profiles. Formulation of GR24 with 
31 
 
hydroxypropyl cellulose (HPC) medium, stabilized GR24 and it remained intact when used in 
irrigation trials 254. The SL analogue Nijmegen-1 is significantly less stable than GR24, with a half-
life of less than 10 h at neutral or basic pH. However, in formulation with cyclohexanone and Atlas 
G 1086 containing polyoxyethylene sorbitol hexaoleate as an emulsifier, the compound was shelf 
stable even up to 54 °C, solubilised well with water, and performed well in field trials 230. Formulation 
similarly overcame stability issues with the SL analogue T-010 228. Formulation of SL analogues can 
alter activity profiles, and different application schemes or concentrations may be required for good 
performance 231,255. 
1.5.4 Beyond agriculture 
While this thesis focusses on SLs in plant biology, there is a growing body of evidence that SLs may 
have additional applications in human health. SL analogues inhibited growth and survival in cell line 
models of hepatocellular carcinoma, melanoma, osteosarcoma, leukaemia, and breast, prostate, colon 
and lung cancers 256–258, as well as a xenograft mouse model of breast cancer 259. Furthermore, SLs 
had minimal toxicity towards healthy cells 256, and act via a unique mode of action compared to 
existing chemotherapeutics 260. These properties make SLs promising candidates for the development 
of chemotherapies for several cancers. While such applications will face challenges unique to human 
health, they will also benefit from common requirements including reliable sources of SLs and SL 
mimics, and a good understanding of SL structure-activity relationships.  
 
1.6 Thesis overview 
As discussed throughout Chapter One, SLs hold great potential to increase crop productivity and 
resilience, with applications in parasitic weed control, enhancing AMF associations, and controlling 
plant development. However, SLs are currently under-developed as agrochemicals, and several 
challenges must be overcome before they can be widely deployed.  
Unavailability of affordable SLs, poor understanding of the biosynthesis and roles of SL diversity, 
and balancing the various activities of SLs are among several factors that currently prevent 
exploitation of SLs. Metabolic engineering offers a potential pathway to production of SLs with utility 
for agricultural applications, and for improving our understanding of SL biosynthetic pathways. This 
thesis develops a synthetic biology toolbox for engineering SL production in heterologous hosts.  
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Chapter Two describes the investigation of CL production in S. cerevisiae, and establishes the 
conversion of all-trans- to 9-cis-β-carotene as a bottleneck in this host. This finding motivated a more 
in depth characterisation of D27, the enzyme catalysing this conversion. Since little is known about 
D27 structure, localisation, and activity, rational design principles currently cannot be employed to 
engineer higher flux through this node. In Chapter Three, D27 sub-organellar localisation is 
determined, its activity is studied, and significant effort is invested in overcoming roadblocks to 
crystallisation for the purpose of structure determination. Taking lessons from Chapter Three, Chapter 
Four reports the development of Escherichia coli as an alternative host for SL production, and 
examines the effect of different fusion partners for SL biosynthesis genes. Finally, Chapter Five 
describes the development of two SL biosensors, which serve as a high-throughput-compatible test 
component of the SL toolbox. 
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Chapter Two: Engineering strigolactone production in Saccharomyces 
cerevisiae 
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2.1 Abstract 
Strigolactones (SLs) are plant hormones and soil signalling molecules with roles in plant 
development, environmental adaptation, and below ground interactions with both symbiotic and 
parasitic organisms. SLs offer great potential for agricultural applications; however, their 
development as agricultural tools is held back by severely limited production capabilities. 
Biosynthetic production of SLs through metabolic engineering could provide an alternative 
production route, with potential for cheap, scalable production. Here, Saccharomyces cerevisiae was 
investigated as a production host for SLs. The approach divided SL production into three modules: a 
carotenoid module to produce β-carotene from endogenous farnesyl pyrophosphate, a CL module to 
convert β-carotene to the strigolactone precursor carlactone (CL), and a cytochrome P450 module 
investigating decoration of CL to produce SLs. Β-carotene was produced at up to 9.3 mg/L (1.2 mg/g, 
dry weight), with the S. cerevisiae geranylgeranyl pyrophosphate synthase BTS1 outperforming the 
Xanthopyllomyces dendrorhous homologue CrtE by three- to eleven-fold. The CL module performed 
poorly, with CL titres estimated to be approximately 1,000,000-fold lower than -carotene. Further 
investigation identified D27, the first enzyme in the pathway, as a bottleneck exhibiting poor activity. 
Alternative hosts may provide a route for more efficient production of CL. S. cerevisiae expressing 
the rice cytochrome P450 Os900 specifically converted CL to carlactonoic acid (CLA) but not 4-
deoxyorobanchol (4DO) when fed with synthetic CL as a substrate, contrary to previous reports of 
both CLA and 4DO production.  
 
2.2 Introduction 
Strigolactones (SLs) are a chemically diverse group of isoprenoid-derived secondary metabolites, 
produced by land plants as phytohormones and soil signalling molecules. SLs have diverse biological 
activities, many of which lend them to potential agricultural uses including in plant growth regulation, 
enhanced nutrient uptake, and parasitic weed control. SL usage in agriculture is currently constrained 
by low SL production capacity, due to the complexity and poor efficiency of their chemical synthesis 
routes. Microbial engineering offers a potential pathway for production of SLs for agricultural and 
research applications.  
Microbial cell factories offer bio-based alternatives for production of chemicals. Through metabolic 
engineering, microbes can be converted to renewable, stereoselective, and scalable production hosts 
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for diverse products. Metabolic engineering presents particular opportunities for high value natural 
products that are challenging to produce via chemical synthesis, such as many pharmaceutical 
ingredients 261–264. The drive for renewable alternatives to fossil fuel-derived chemicals has also 
driven metabolic engineering efforts to produce commodity products such as plastic precursors 265 
and biofuels 266,267.  
Metabolic engineering typically involves reconstruction of the biosynthetic pathways of the target 
chemical in a genetically tractable host suited to industrial bioprocesses. After pathway 
reconstruction, extensive strain optimisation is usually required to reach economically viable titres, 
rates and yields 268. Strain optimisation typically proceeds via Design-Build-Test-Learn (DBTL) 
cycles, where the results of preliminary strains guide the design of better-producing strains through 
iterative cycles of improvement (Figure 2-1). Strategies to improve production include optimisation 
of the expression and activity of heterologous proteins, increasing precursor and cofactor supplies by 
deregulating central carbon metabolism, reducing flux towards competing pathways, and balancing 
flux through the pathway to reduce accumulation of pathway intermediates. These modifications must 
be done in such a way as to maximise pathway flux while minimising metabolic burden.   
 
Figure 2-1 The Design-Build-Test-Learn cycle of microbial  metabolic engineering. Iterative cycles of strain improvement 
are typically required to reach industrially viable production levels. Design: design strategies include (1) reconstructing 
heterologous pathways, (2) optimising enzyme activity using approaches such as protein engineering or testing 
homologues from different species, (3) balancing pathway flux, (4) enhancing precursor and cofactor supply, and (5) 
blocking competing pathways. Build: heterologous pathways can be introduced on plasmids, or onto the chromosome. 
Test: target products are measured using analytical chemistry, and high-throughput screens when available. Learn: the 
information gathered during the test phase is analysed and used to inform improved designs.  
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The delineation of SL biosynthetic pathways 165,166,179,180 (Figure 1-3) opens new possibilities for 
biotechnological production of SLs in engineered heterologous hosts. SLs are derived from the 
isoprenoid pigment β-carotene, which is produced in plant plastids, and is converted to the SL 
precursor CL via the action of three plastidial enzymes: a β-carotene isomerase (D27), and two 
carotenoid cleavage dioxygenases, CCD7 and CCD8 165,186. CL is exported to the cytosol, where it is 
converted to diverse SLs by downstream enzymes including cytochromes P450 and oxidoreductases 
163,166,179–181.  
S. cerevisiae is a widely employed industrial microorganism, used for commercial bioethanol 
production, and offers many advantages for industrial fermentations. These include (i) low pH 
tolerance, reducing risk of culture contamination, (ii) good tolerance towards degradation products in 
biomass hydrolysates that commonly inhibit growth of other microorganisms, and (iii) having 
attained Generally Recognised as Safe status, simplifying product approval and waste disposal 
processes 269. Furthermore, as a model eukaryote, S. cerevisiae is one of the most well-understood 
organisms, which, when combined with the extensive tools available for genetic engineering 270, make 
it very amenable to development as a cell factory.  
Indeed, S. cerevisiae has been established as a suitable host for engineering complex pathways to 
produce diverse natural products, including many isoprenoids such as pharmaceuticals 271, 
flavours272, sweeteners273, and commodity chemicals such as farnesene 274,275. Furthermore, several 
components of the SL biosynthesis pathway have already been investigated in S. cerevisiae. A 
substantial body of work has focussed on the production of β-carotene, from which SLs are derived 276–
284. The highest β-carotene producing strains reported to date yielded over 20 mg/g (dry weight), and were 
developed through directed evolution 282,283, or through rationally designed metabolic engineering 280,281. 
The latter approach resulted in production titres over 1 g/L 281. S. cerevisiae has also been used as a host 
of choice for examining activity of CYP711a enzymes implicated in downstream SL biosynthesis 
pathways 166,179,188. The established production of β-carotene and activity of CYP711a enzymes in S. 
cerevisiae make this organism a promising host for engineering production of SLs.  
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2.3 Materials and Methods 
2.3.1 Plasmid and strain construction 
Strains used in Chapter Two are summarized in Table 2-1. All coding sequences were synthesised by 
Integrated DNA Technologies, and are listed in Appendix 1. All oligonucleotide primer sequences 
are listed in Appendix 2. All genomic or plasmid DNA extracts from yeast were obtained using 
phenol:chloroform:isoamyl alcohol extraction as per Hoffman (alternate protocol) 285. Polymerase 
chain reactions (PCR) used Phusion polymerase (NEB) as per the manufacturer’s protocol. In some 
cases, partially overlapping primers were used to add nucleotides outside the template sequence, with 
two overlapping primers serving as an alternative to a single primer with a very long tails. Where 
overlapping primers were used in PCR, the inner primer (that is, the primer annealing to the template) 
was used at 50 pM (1/10000 dilution of the manufacturer’s recommended concentration). Ligation 
(T4 DNA ligase), Gibson assembly (NEBuilder HiFi DNA Assembly Master Mix), and restriction 
digest reactions were performed according to the manufacturer’s protocol (NEB). Nucleic acids were 
purified using EasyPure Plasmid MiniPrep kit (TransGen Biotech), EasyPure PCR purification kit 
(TransGen Biotech) or QIAquick Gel Extraction kit (Qiagen), as required. Yeast transformations 
were performed using the lithium acetate method 286, and E. coli were transformed by heat shock of 
chemically-competent E. coli prepared as per Sharma et al 287. 
Table 2-1. S. cerevisiae strains used in Chapter Two 
Strain name Base strain Transformed with Genes expressed Supplementation References and notes 
YB/I/E CEN.PK113-5D YIplac211-
YB/I/E* 
Xanthophyllomyces 
dendrorhous CrtYB, CrtI and 
CrtE 
His, Leu, Trp Strain obtained from 
Euroscarf Y41388  
YB/I/BTS1 CEN.PK2-1C YIplac211-
YB/I/BTS1 
X. dendrorhous CrtYB and 
CrtI;  S. cerevisiae BTS1 
His, Leu, Trp Integration plasmid obtained 
from Euroscarf P30798. 
Digested with StuI prior to 
transformation 
gal-YB/I/E CEN.PK2-1C pYPRCτ3-gal-
YB/I/E 
X. dendrorhous CrtYB, CrtI 
and CrtE 
His, Leu, Ura Integration plasmid 
constructed as described in 
the text. Digested with SwaI 
prior to transformation. 
gal-YB/I/BTS1 CEN.PK2-1C pYPRCτ3-gal-
YB/I/BTS1 
X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1 
His, Leu, Ura Integration plasmid 
constructed as described in 
the text. Digested with SwaI 
prior to transformation. 
gal-YB/I/BTS1 
(pCL) 
gal-YB/I/BTS1 pCL X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1; 
Arabidopsis thaliana D27Δ1-
47, AtCCD7Δ1-31, and 
AtCCD8Δ1-56 
His, Ura Episomal plasmid 
constructed as described in 
the text. 
gal-YB/I/BTS1 
(pCL pOs900) 
gal-YB/I/BTS1 
(pCL) 
pOs900-ATR1 X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1; A. 
thaliana D27Δ1-47, 
AtCCD7Δ1-31, and 
AtCCD8Δ1-56 and ATR1; 
Oryza sativa Os900 
His Episomal plasmid 
constructed as described in 
the text. 
gal-YB/I/BTS1 
(pRS425) 
gal-YB/I/BTS1 pRS425 X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1 
His, Ura pRS425 described in 288  
38 
 
gal-YB/I/BTS1 
(AtD27TP) 
gal-YB/I/BTS1 pAtD27TP X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1; 
Arabidopsis thaliana D27Δ1-
47 
His, Ura Episomal plasmid 
constructed as described in 
the text. 
gal-YB/I/BTS1 
(OsD27TP) 
gal-YB/I/BTS1 pOsD27TP X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1; O. 
sativa D27Δ1-40 
His, Ura Episomal plasmid 
constructed as described in 
the text. 
gal-YB/I/BTS1 
(DbD27) 
gal-YB/I/BTS1 pDbD27 X. dendrorhous CrtYB and 
CrtI; S. cerevisiae BTS1; 
Dunaliella bardawil D27Δ1-
78 
His, Ura Episomal plasmid 
constructed as described in 
the text. 
His, histidine; Ura, uracil; Leu, leucine; Trp, tryptophan 
 
pYPRCτ3-gal-YB/I/BTS1 (GenBank accession MT321296) was constructed by homologous 
recombination in vivo assembly in CEN.PK2-1C (Euroscarf, accession 30000A). Homologous arms 
for recombination at the YPRCτ3 locus were PCR amplified from CEN.PK113-7D (Euroscarf, 
accession K43) genomic DNA using primers 22 + 23 + 24 (two overlapping forward primers) for the 
upstream arm, and primers 45 + 46 + 47 (two overlapping reverse primers) for the downstream arm. 
PGAL1, PGAL2 and PGAL7 promoters and TIDP1, TLCS2 and TRPL41B terminators were PCR amplified from 
CEN.PK113-7D genomic DNA using the following primer pairs: 27 + 28, 33 + 34, 39 + 40, 31 + 32, 
37 + 38, and 43 + 44, respectively. The TRP1 selection marker was PCR amplified from plasmid 
pRS404 289 using primers 25 + 26. The coding sequences for BTS1, CrtI and CrtYB were amplified 
from the plasmid YIplac211-YB/I/BTS1 (Euroscarf P30798 277) using primers 29 + 30, 35 + 36, and 
41 + 42, respectively. All fragments were co-transformed into CEN.PK2-1C with the pRS425 
episomal plasmid backbone 288 digested with SfoI and SacI. The assembled plasmid was extracted 
from S. cerevisiae and propagated in E. coli. The plasmid was digested with SwaI and transformed 
into CEN.PK2-1C for genomic integration at the YPRCτ3 locus. The resulting strain had BTS1 under 
control of PGAL1 and TIDP1, CrtI under control of PGAL2 and TLCS2, and CrtYB under control of PGAL7 
and TRPL41B.  
pYPRCτ3-gal-YB/I/E (GenBank accession MT321297) was constructed as for pYPRCτ3-gal-
YB/I/BTS1 using the CrtE coding sequence in the place of BTS1. CrtE was amplified from 
YIplac211-YB/I/E (Euroscarf P30799 277) using primers 49 + 50, and PGAL1 and TIDP1 were amplified 
with primers 27 + 48, and 32 + 51, respectively, to generate homology with CrtE.  
For construction of pAtD27TP (GenBank accession MT321293) and pCL (GenBank accession 
MT268296), PGAL1, PGAL2 and PGAL7 promoters and TRPL3, TRPL15A and TRPL41B terminators were PCR 
amplified from CEN.PK113-7D genomic DNA using the following primer pairs: A + 1, 12 + 13, 14 
+ 15, 4 + 5, 8 + 9, and 16 + 17, respectively. Coding sequences for Arabidopsis thaliana sequences 
lacking their transit peptides and codon-optimised to S. cerevisiae, AtD27ΔTP (i.e. Δ1-47), 
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AtCCD7ΔTP (i.e. Δ1-31) and AtCCD8ΔTP (i.e. Δ1-56), were PCR amplified from synthetic genes 
(Appendix 1) using primers 2 + 3, 10 + 11, and 18 + 19, respectively. PGAL1, AtD27ΔTP and TRPL3 
were assembled using Gibson assembly into SacI-, XhoI-digested pRS425 288 yielding pAtD27TP.  
pAtD27TP was digested with XhoI and assembled with PGAL7, AtCCD7ΔTP and TRPL15A amplicons 
using Gibson assembly. The resulting plasmid was digested with XhoI and BsiWI; and PGAL2, 
AtCCD8ΔTP and TRPL41B amplicons were joined by overlap PCR using primers 14 and 17, then 
digested with XhoI and BsiWI and ligated into the digested backbone. The resulting plasmid was 
denoted pCL. 
Synthesised gene fragments (Appendix 1) corresponding to OsD27TP and DbD27 were ligated into 
pEasy blunt cloning vector (TransGen Biotech) as per the manufacturer’s protocol, then subcloned in 
place of AtD27TP in pAtD27TP via AatII and AvrII restriction sites to produce pOsD27TP 
(GenBank accession MT321295) and pDbD27 (GenBank accession MT321294), respectively. 
pOs900-ATR1 was constructed in two steps. First, pSeGAL2p-Os900 was constructed to express the 
rice cytochrome P450 Os900 under control of the high expression galactose-inducible GAL2 
promoter from Saccharomyces eubayanus, PSeGAL2 290. The coding sequence for Os900 was 
synthesised as described in Appendix 1, and amplified by PCR using primers 130 + 131, then cloned 
into pILGFP3_SeGAL2p 290 between BamHI and SpeI restriction using Gibson assembly. Next, the 
ATR1 expression construct, comprising a hybrid GAL10-CYC1 promoter, the ATR1 coding sequence 
and the yeast CPR1 terminator, was PCR amplified from WAT11 genomic DNA using primers 147 
+ 148. The PCR fragment was inserted into pSeGAL2p-Os900 at the HindIII site using Gibson 
assembly to produce pOs900-ATR1. All plasmids were verified by sequencing, and strains were 
constructed as per Table 2-1. 
2.3.2 Yeast cultivation 
Yeast strains were stored in 20% glycerol at −80 C. For standard cultivation, including strain 
construction and all pre-cultures, yeast strains were grown on Yeast Extract–Peptone–Dextrose 
(YPD) Medium (10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose), or where auxotrophic 
selection was required, on 6.7 g/L yeast nitrogen base without amino acids (YNB) supplemented with 
20 g/L glucose 291. YNB pH was adjusted to 6.0 with ammonium hydroxide, and YNB was 
supplemented with 20 mg/L histidine, 100 mg/L leucine, 100 mg/L tryptophan and 20 mg/L uracil, 
each as required (Table 2-1). For cultivation on petri dishes, media were solidified with 20 g/L 
bacteriological agar.  
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For growth rate measurements and metabolite extraction experiments, yeast were streaked from 
glycerol stocks onto YNB agar and grown for 2-3 days at 30 °C. Single colonies were inoculated into 
the primary pre-culture in 10 mL YNB in a 100 mL flask. After one day of growth, a secondary pre-
culture (25 mL YNB in a 250 mL baffled flask) was inoculated from the primary pre-culture using a 
volume of culture such that the secondary pre-culture would reach mid-log phase the following 
morning (based on cell density and preliminary growth rate estimates). The following morning, mid-
log phase secondary pre-cultures were pelleted at 9,000 × g for 2 minutes and resuspended in a growth 
medium denoted YNB MES ++ (6.7 g/L YNB without amino acids, 100 mM MES pH 6.0, 100 mg/L 
glutamic acid, 120 mg/L lysine, 40 mg/L methionine, 50 mg/L phenylalanine, 375 mg/L serine, 200 
mg/L threonine, and 10 mg/L myo-inositol supplemented with carbon sources as indicated and 
auxotrophy-dependent amino acids as required: 35 mg/L histidine, 110 mg/L leucine, 100 mg/L 
tryptophan, 40 mg/L uracil (Table 2-1)). OD600 was measured and experimental cultures were 
inoculated at a starting OD600 = 0.2. OD600 was measured at regular intervals and the specific growth 
rate (µ) was measured as the slope of the line of best fit of ln(OD600) plotted as a function of time (h) 
during exponential phase, as per standard microbiology practice. Specific growth rate (µ) has units h-
1 and is related to the doubling time by doubling time=ln(2)/µ. 
 For -carotene measurements, experimental cultures were grown in 50 mL YNB MES++ in 500 mL 
baffled flasks. Where CL extraction was performed, culture volumes were increased to 100 mL YNB 
MES++ in 1 L baffled flasks. Metabolite analysis was performed 60 h after inoculation of 
experimental cultures.  
2.3.3 Carotenoid extraction and HPLC analysis 
Samples (0.5 mL) of S. cerevisiae cultures were pelleted and cells were resuspended in 1 mL acetone 
with 300 µL 0.5 mm glass beads. Samples were lysed in a Precellys 24 Homogenizer (Bertin 
Technologies) with 3 cycles of 30 seconds at 6,800 rpm follow by 45 second rest. Cell debris was 
removed by centrifugation at 18,000 × g for 10 minutes. Carotenoids were analysed by High 
Performance Liquid Chromatography (HPLC) analysis at the Metabolomics Australia Queensland 
Node on an Agilent 1200 HPLC system using separation systems A or B.  
2.3.3.1 Separation system A 
Separation system A was adapted from Verwaal et al. (2007) 277, and was used for quantification of 
β-carotene. After extraction into acetone, extracts were diluted with an equal volume of ethanol. 
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Where a large number of samples were processed in parallel, 0.2% pyrogallol was added to prevent 
oxidation of carotenoids. HPLC separation was performed on a Phenomenex geminin C18 reverse 
phase column using an isocratic elution method in 5:4:1 acetonitrile:methanol:2-propanol at 1 
mL/min at 30°C. Carotenoids were detected using a diode array detector at 450 nm. Standards of β-
carotene (Sigma-Aldrich) were made up to known concentrations in acetone then diluted with an 
equal volume of ethanol as per the samples. Quantitation was performed by integrating peak area and 
comparing samples to β-carotene standards by linear regression. The standard curve was constructed 
using 14 standards from 0.09 µM to 90 µM, which exhibited a tight linear relationship (linear fit 
R2>0.999; slope on a log-log plot = 1.001). 
2.3.3.2 Separation system B 
Separation system B enabled separation of all-trans--carotene and 9-cis--carotene using a 
Phenomenex geminin C18 reverse phase column with a gradient from 19:1 methanol:water water to 
100% methanol over 62 minutes, followed by a further 3 minutes at 100% methanol before re-
equilibration to 19:1 methanol:water over 5 minutes. The column was maintained at 10 C with a 
flow rate of 1.2 mL/min, and -carotene isomers were detected using a diode array detector at 450 
nm. Samples and standards were prepared as per separation system A. 
2.3.4 Carlactone extraction 
The cell pellet was isolated from 25 mL of culture by centrifugation at 5,000 × g for 5 minutes. Cells 
were washed once in distilled water, then lysed in 5 mL hexane with approximately 900 L 0.5 mm 
glass beads in a liquid nitrogen-chilled Precellys 24 Homogenizer with 3 cycles of 30 seconds at 
6,800 rpm follow by a 45-second rest. Beads and cell debris were pelleted at 18,000 × g for 10 minutes 
at 4 °C. Isolute S1 1g silica cartridges (Biotage, 460-0100-B) were equilibrated with 5 mL hexane 
then loaded with the hexane extractions using gravity flow. β-carotene was removed using a 10 mL 
hexane wash, then CL was eluted with 10 mL 30% ethyl acetate in hexane. Eluates were evaporated 
to 100 µL under nitrogen, transferred to an HPLC vial and stored at −30 °C until use. 
2.3.5 LC-MS/MS analysis of carlactone in S. cerevisiae extracts 
Samples (1 µL) of each extraction was analyzed by LC-MS/MS. Sample separation was performed 
on a UPLC C18 column (Phenomenex Kinetex C18, ϕ 2.1 × 150 mm, 1.7 μm for data in section 2.4.2, 
and Waters Acquity BEH C18 1.7 um 2.1 x 100 mm for data in section 2.4.4) at 30 °C oven 
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temperature using a 20 minute gradient at 0.2 mL/min from 35% to 95% acetonitrile in water, 
followed by 4 minutes at 100% acetonitrile. All mobile phase solutions contained 0.1% acetic acid. 
MS/MS spectra were recorded using multiple reaction monitoring on a QTRAP5500 (AB Sciex) triple 
quadrupole/linear ion trap mass spectrometer with electrospray source. The ion source temperature 
was 400 °C and IonSpray voltage was set to 5500 V. Curtain gas, collision gas, ion source gas 1 and 
ion source gas 2 were 20 psi, 7 psi, 80 psi and 70 psi, respectively.  Declustering potential, entrance 
potential and collision cell exit potential were set to 60 V, 10 V, and 15 V, respectively. Synthetic 
standards [1-13CH3]-CL, CLA and 4DO were a gift from Kohki Akiyama, and were synthesised as 
described previously: [1-13CH3]-CL 186, CLA166 and 4DO6. 
2.3.6 Carlactone feeding experiment  
The carlactone feeding experiment was adapted from Yoneyama et. Al 188. Living yeast cells 
previously maintained in selective medium were grown for 24-36 h at 30 °C, 200 rpm in 10 mL YPGE 
(20 g/L bacto-peptone, 10 g/L yeast extract, 5 g/L glucose, 30 mL/L ethanol) until OD600=4. Galactose 
was added to 20 g/L, and cultures were grown for an additional 16 h. Cultures were incubated with 
0.5µg CL at 28 °C, 200 rpm for 2 h, then extracted twice into ethyl acetate by vortexing briefly, 
separating by centrifugation, then removing the ethyl acetate phase. Ethyl acetate fractions were 
combined, dried over anhydrous magnesium sulphate, filtered through cotton wool, and then 
concentrated under nitrogen flow at 40 °C to 100 µL. LC-MS/MS analysis of the carlactone feeding 
experiment was as per section 2.3.5, except a Xevo TQD (Waters) was used. 
2.3.7 Statistical analyses 
All statistical analyses were performed in GraphPad Prism 8. Specific growth rates were compared 
using an Extra sum of squares F-test. Comparison of the effect of constitutive and inducible constructs 
on β-carotene production was performed using two-way ANOVA. β-carotene titres of YB/I/BTS1 
and YB/I/E were compared by Student’s t-test.   
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2.4 Results  
To engineer SL production in yeast, the SL biosynthesis pathway was divided into three modules, 
which were investigated independently: a carotenoid module, a CL module, and a cytochrome P450 
module (Figure 2-2). 
 
Figure 2-2. Biosynthetic pathways used to engineer S. cerevisiae for SL production. SL production was conceptually 
divided into a carotenoid module, a CL module, and a cytochrome P450 module. The carotenoid module used enzymes 
from Xanthophyllomyces dendrorhous, and the GGPP synthases from each X. dendrorhous and S. cerevisiae were 
compared. The CL module used enzymes from Arabidopsis. After identification of the conversion of all-trans-β-carotene 
to 9-cis-β-carotene as a bottleneck, alternative D27 enzymes from rice (OsD27) and Dunaliella bardawil (DbD27) were 
investigated. The cytochrome P450 module focussed on the rice CYP711a Os900, one of the few enzymes to convert CL 
to an active SL in a single step. Grey: endogenous enzymes; blue: introduced enzymes. 
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2.4.1 The S. cerevisiae GGPP synthase supported higher β-carotene production than the 
commonly used homologue from Xanthophyllomyces dendrorhous 
Carotenoid production was initially investigated in yeast CEN.PK strains using genomically-
integrated β-carotene biosynthesis genes under control of a constitutive TDH3 promoter. CrtYB and 
CrtI from the carotenogenic yeast Xanthophyllomyces dendrorhous were expressed to convert 
geranylgeranyl pyrophosphate (GGPP) to β-carotene (Figure 2-2). To increase supply of the GGPP 
precursor, two GGPP synthases were compared: an extra copy of the endogenous S. cerevisiae BTS1 
(strain YB/I/BTS1) or the X. dendrorhous homologue, CrtE (strain YB/I/E) (Figure 2-2). HPLC 
analysis showed YB/I/BTS1 produced higher levels of -carotene than YB/I/E (p<0.001, Student’s 
t-test), the latter accumulating a different compound that had an absorbance spectrum consistent with 
the metabolic intermediate, lycopene 292 (Figure 2-3, Table 2-2). 
 
Figure 2-3. β-carotene production in engineered S. cerevisiae.  (A) HPLC chromatograms (separation system A) showing 
a peak at 13.7 min corresponding to the β-carotene standard for all samples. YB/I/E and gal-YB/I/E exhibited an 
additional peak at 8.6 min. (B) The absorbance spectrum of the β-carotene peak. (C) The absorbance spectrum of the 
peak at 8.6 min is characteristic of lycopene. Cultures were grown on 5 gL-1 glucose, 15 gL-1 galactose carbon source. 
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The use of constitutive expression for heterologous genes can lead to genetic instability and metabolic 
burden, while the use of inducible promoters can separate growth and production phases resulting in 
improved genetic stability, higher growth rates, and increased biomass during the growth phase, thus 
improving production upon pathway induction. Galactose-inducible promoters are commonly used 
in metabolic engineering and enable very tight expression control, with no detectable expression in 
the presence of glucose, and high level expression superior to many high-expressing constitutive 
promoters when grown on galactose 293.  
CrtYB, CtrI and each GGPP synthase (CrtE and BTS1) were integrated onto the genome under the 
control of the galactose-inducible promoters PGAL7, PGAL2, and PGAL1, respectively, to produce gal-
YB/I/E and gal-YB/I/BTS1 strains. Inducible and constitutive strains were grown on a mixed 
glucose/galactose carbon source such that inducible constructs were repressed during the initial 
exponential growth phase. Consistent with a lower metabolic burden, the inducible constructs had 
higher specific growth rates than the constitutive constructs during initial culture conditions (Table 
2-2, Figure 2-4; p<0. 01, Extra sum of squares F-test). Overall β-carotene content after 60 h culture 
was similar between constitutive and inducible strains (Figure 2-3, Table 2-2, p=0.10, two-way 
ANOVA). Gal-YB/I/BTS1 was chosen for further experiments due to its high growth rate and -
carotene production, and its compatibility with use of inducible promoters for downstream metabolic 
modules. 
 
Figure 2-4. Growth curve of β-carotene-producing S. cerevisiae strains.Growth data show mean ± standard error of 
constitutive and inducible strains expressing CrtYB, CrtI and CrtE (A) or BTS1 (B). Inset shows the natural logarithm of 
OD600 during exponential phase plotted as a function of time. Different slopes indicate different growth rates of 
constitutive and inducible β-carotene-producing strains (p<0. 01, Extra sum of squares F-test).  
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Table 2-2. Specific growth rates and β-carotene titres of β-carotene-producing strains 
20 gL-1 glucose carbon source 
 Specific growth rate (h-1)  β-carotene (mg/L)  β-carotene (µg/g[dcwa]) 
YB/I/E 0.34 ± 0.004  0.82 ± 0.46  93.5 ± 52.3 
YB/I/BTS1 0.40 ± 0.011  9.30 ± 0.01  1064 ± 20 
5 gL-1 glucose, 15 gL-1 galactose carbon source 
 Specific growth rate (h-1)  β-carotene (mg/L)  β-carotene (µg/g[dcwa]) 
YB/I/E 0.31 ± 0.004  1.82 ± 0.01   223 ± 2 
YB/I/BTS1 0.37 ± 0.015  8.59 ± 0.87  1068 ± 115 
gal-YB/I/E 0.42 ± 0.005  2.64 ± 0.18  371 ± 19 
gal-YB/I/BTS1 0.42 ± 0.004  8.65 ± 0.31  1170 ± 62 
YB/I/BTS1(pCL) 0.35 ± 0.003  8.84 ± 1.82  1022 ± 182 
gal-YB/I/BTS1(pCL) 0.32 ± 0.020  5.75 ± 0.40  962 ± 48 
adry cell weight 
Data represent mean ± standard deviation of 2-3 replicate strains. 
2.4.2 Introduction of AtD27ΔTP, AtCCD7ΔTP and AtCCD8ΔTP catalyses low level 
conversion of β-carotene to carlactone  
Carlactone (CL) is an SL-like compound that is the biosynthetic precursor to several – and likely most 
– of the diverse strigolactones produced (Figure 1-3). CL is produced in the plastid from all-trans--
carotene by the activity of three enzymes: D27, CCD7 and CCD8. A galactose-inducible CL 
biosynthesis module was constructed in a yeast episomal plasmid, denoted pCL, comprising 
Arabidopsis AtD27ΔTP, AtCCD7ΔTP and AtCCD8ΔTP, lacking their plastid targeting peptides 
(Figure 2-2).  
Extracts from gal-YB/I/BTS1 transformed with pCL (gal-YB/I/BTS1(pCL)) or an empty vector 
control strain gal-YB/I/BTS1(pRS425) were analysed by LC-MS/MS (Figure 2-5).  
Gal-YB/I/BTS1(pCL) produced a peak at the retention time and characteristic fragmentation pattern 
of CL, whereas the control had no detectable CL peak (Figure 2-5). The peak area was equivalent to 
approximately 3.9 ng/L. This is approximately one million-fold less than the β-carotene accumulated 
in the same strain, and in the strain without the CL module (Table 2-2).  
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Figure 2-5. CL production in engineered strains. Extracted ion chromatograms of (A) 13C-labeled CL standard, (B) cell 
extract from gal-YB/Y/BTS1(pCL), and (C) cell extract from gal-YB/Y/BTS1(pRS425). Chromatograms are extract from 
the m/z 303 to 97 transition (m/z 304 to 97 transition for the labelled standard), and 303 to 189 m/z transition (m/z 304 
to 190 transition for the labelled standard). The CL elution time is indicated with a red arrow. Dotted, dashed and solid 
lines indicate three replicate strains. 
 
2.4.3 D27 is a bottleneck in carlactone production in CEN.PK 
Low levels of conversion through the CL module indicated extreme inefficiencies in enzymatic 
conversion of AtD27ΔTP, AtCCD7ΔTP, and/or AtCCD8ΔTP. As an initial step in investigating 
which enzyme(s) were responsible for the poor production of CL, activity of AtD27ΔTP was 
examined. AtD27ΔTP under the control of a galactose inducible was expressed in the strain gal-
YB/I/BTS1(pAtD27ΔTP). When grown on 5 gL-1 glucose, 15 gL-1 galactose, gal-
YB/I/E(pAtD27ΔTP) was found to contain all-trans--carotene, but not 9-cis--carotene, indicating 
that AtD27ΔTP did not produce detectable levels of 9-cis--carotene in S. cerevisiae (Figure 2-6). 
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Figure 2-6. D27 homologues do not isomerise β-carotene in S. cerevisiae (separation system B). HPLC chromatograms 
show all-trans-β-carotene and 9-cis-β-carotene standards (top). Subsequent chromatograms show β-carotene purified 
from gal-YB/I/BTS1 and gal-YB/I/BTS1 harbouring pCL, or plasmids encoding D27 from Arabidopsis (+pAtD27), rice 
(+pOsD27) or D. bardawil (+pDbD27). None of the strains tested contained a detectable level of 9-cis-β-carotene 
(retention time indicated by red arrow). 
 
In attempt to address the poor catalysis of D27 in S. cerevisiae, two additional homologues of D27 
were tested: rice (Oryza sativa) OsD27ΔTP, and a D27 homologue from the alga Dunaliella bardawil, 
DbD27. D. bardawil can accumulate β-carotene up to 14% of its dry weight 294, and contains 
approximately equal amounts of all-trans and 9-cis isomers 295. Neither OsD27ΔTP nor DbD27 
resulted in detectable levels of 9-cis--carotene (Figure 2-6). 
2.4.4 Os900 converts carlactone to carlactonoic acid in yeast 
Os900 and ATR1, the cytochrome P450 reductase that has previously been used to test activity of 
Os900 in yeast 179, were expressed from an episomal plasmid in the CL-producing strain gal-
YB/I/BTS1(pCL) to produce gal-YB/I/BTS1(pCL pOs900). Feeding this strain with CL resulted in 
conversion of some of the CL into CLA (Figure 2-7), but not 4DO. Feeding CL to the control strain 
gal-YB/E/BTS1 lacking pCL and pOs900 resulted in no conversion of CL to CLA. 
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Figure 2-7 Conversion of carlactone to carlactonoic acid in S. cerevisiae. (A) Engineered S. cerevisiae expressing Os900 
and ATR1 (gal-YB/I/BTS1(pCL pOs900)) produced carlactonoic acid when fed with carlactone. (B) Control cells (gal-
YB/I/BTS1) showed no conversion of carlactone to carlactonoic acid. (C) The system allows detection of a 4DO standard. 
Peaks show total ion chromatograms for carlactone (sum of three m/z transitions: 303 207, 303 189, 303 97), 
carlactonoic acid (sum of two m/z transitions: 331 113, 331 69) and 4DO (331 97). 
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2.5 Discussion 
Research into the physiological properties and potential agricultural applications of strigolactones 
would be facilitated by a source of strigolactones that provides sufficient yields for these applications. 
To this end, production of strigolactones in the yeast S. cerevisiae were investigated in this study.  
β-carotene biosynthesis has previously been engineered in S. cerevisiae using genes from the Gram-
negative bacterium Pantoea ananatis, or the carotenogenic yeast X. dendrorhous 277,278. The two 
strategies produced similar titres with un-optimised strains; however, extensive optimisations with X. 
dendrorhous genes have generated highly engineered high-producing strains 276,277,280,283. X. 
dendrorhous converts GGPP to β-carotene via a phytoene desaturase, CrtI, and the dual functional 
phytoene synthase and lycopene desaturase, CrtYB. While expression of these two enzymes is 
sufficient for β-carotene production in S. cerevisiae 277, -Carotene production can be increased by 
enhancing the GGPP precursor supply by overexpressing the X. dendrorhous GGPP synthase, CrtE, 
or the endogenous S. cerevisiae homolog, BTS1 277.  
Comparison of BTS1 and CrtE GGPP synthases in the CEN.PK2-1C background, revealed that 
choice of GGPP synthase had a substantial impact on β-carotene yield. BTS1 strains produced three- 
to eleven-fold higher β-carotene than CrtE strains. CrtE is more widely used for carotenoid 
engineering in S. cerevisiae than BTS1 (see for example 279–284,296). This trend may be due to an early 
comparison that reported higher β-carotene yields in CrtE strains than BTS1 strains 277. However, a 
follow-up study by the same group found that BTS1 strains performed better when grown under 
chemostat conditions 276. Thus, different GGPP synthases appear to influence carotenoid yields and 
profiles in a variable and as-yet-unpredictable manner. Future metabolic engineering efforts for β-
carotene production in S. cerevisiae would benefit from evaluation of different GGPP synthases in 
the genetic backgrounds and culture conditions used.   
In addition to influencing β-carotene yield, choice of GGPP synthase had a large impact on carotenoid 
composition. While β-carotene was the major pigment detected in BTS1 strains, CrtE strains 
accumulated an additional pigment that was tentatively identified as lycopene based on its absorbance 
spectrum. In combination with reduced β-carotene production, this result indicates that there may be 
a bottleneck in the conversion of lycopene to β-carotene in strains expressing CrtE but not BTS1.  
The finding that the choice of GGPP synthase influenced carotenoid composition was unexpected 
given that this enzyme acts early in the biosynthetic pathway, prior to production of lycopene. 
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However, a similar effect was previously reported in Escherichia coli 297. Introduction of Pantoea 
agglomerans CrtE, or homologues from five other carotenogenic bacteria, into E. coli expressing P. 
agglomerans CrtB and CrtI resulted in production of lycopene and 3,4,3′,4′-tetradehydrolycopene (an 
alternative CrtI reaction product 298) in vastly differing ratios 297. While there was no evidence that S. 
cerevisiae engineered in this work accumulated 3,4,3′,4′-tetradehydrolycopene, this prior example 
suggests that the capacity to influence the final ratios of different carotenoids may be a more general 
property of GGPP synthases.  
One potential mechanisms by which GGPP synthases could affect carotenoid composition is via 
involvement in a carotenogenic metabolon. Metabolon formation has been predicted to be involved 
in carotenoid biosynthesis, based on the isolation of high molecular weight complexes containing 
phytoene synthase or phytoene desaturase 299–301.  Metabolon formation can impact enzyme activity 
and localisation. It is possible that protein-protein interactions between different GGPP synthases and 
downstream enzymes could modulate their activity. Alternatively, changes in metabolite 
concentrations due to altered flux through CrtE or BTS1 could regulate downstream enzymes at either 
the protein or transcriptional levels. 
To convert β-carotene into the SL precursor CL, AtD27ΔTP, AtCCD7ΔTP and AtCCD8ΔTP were 
introduced. CL was detected, although it was at approximately one million-fold lower concentration 
than β-carotene. As 9-cis-β-carotene was undetected in carotenogenic S. cerevisiae expressing 
pAtD27ΔTP, pOsD27ΔTP, or pDbD27ΔTP, but not downstream enzymes, it could be concluded that 
D27 activity was an initial bottleneck. Since 9-cis-β-carotene was below the limit of detection, 
conversion through downstream enzymes could not be assessed, preventing any conclusions about 
activity of AtCCD7ΔTP and AtCCD8ΔTP.  
D27 has been proposed to be an iron-sulphur cluster (ISC) protein 302, and its lack of activity in S. 
cerevisiae could potentially be due to poor formation of the ISC. Previous studies where bacterial 
ISC proteins have been expressed in S. cerevisiae have reported poor activity for many, but not all 
ISC proteins 303–305. Cytosolic ISC assembly in eukaryotes is poorly understood, but relies on the 
mitochondrial ISC machinery in addition to the ISC export machinery and the cytosolic ISC assembly 
machinery 306. Since ISC assembly machinery in plastids has homology to the bacterial IscA and 
SufA proteins 307, E. coli may provide a better environment for D27 ISC formation. Indeed, E. coli 
was previously found to support β-carotene isomerase activity 165,302,308,309. Furthermore, a better 
understanding of the structure-function relationship of D27 might facilitate engineering to improve 
catalytic behaviour. 
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Cytochromes P450 are involved in the biosynthesis of numerous plant secondary metabolites, 
including strigolactones. The CYP711a family has been implicated in SL biosynthesis in diverse 
species 166,179,188, with the conversion of CL to CLA being the canonical activity 188. However, some 
CYP711a enzymes have additional activity, converting CLA to 4DO, or converting 4DO to 
orobanchol 188. Os900 has been reported to convert CL to 4DO when transiently expressed in CL-
producing Nicotiana benthamiana leaves, and in S. cerevisiae fed with CL 179,188. Unlike CL and 
CLA, 4DO has phytohormone activity when applied exogenously in plant bioassays 244. Thus, 4DO 
is one of the few fully active SLs with a characterised biosynthetic pathway, and can be produce from 
CL by a single enzyme, making it an attractive initial target for SL bioproduction. 
Unlike previous experiments, Os900 converted CL to CLA but not 4DO. It is unclear why the enzyme 
appears to be more specific in these experiments than previous reports. However, it is noted that the 
strains and expression conditions differ. While previous studies used an S. cerevisiae strain lacking 
the endogenous cytochrome P450 reductase, the endogenous reductase was not knocked out in these 
experiments, resulting in a mixed redox environment that may adversely affect Os900 coupling with 
ATR1. 
This work demonstrates proof of principal for SL production in S. cerevisiae, with confirmed 
production of CL, a bioactive mycorrhizal branching factor 164 and parasitic seed germination 
stimulant 165, and phytohormone precursor 186. This is the second demonstrated of microbial SL 
production; biosynthesis of SL in the yeast Pichia pastoris was previously reported in a patent 
application 229. As the report did not include details on strain construction, or data on production titres, 
it is difficult to compare these previous efforts to CL production in S. cerevisiae. Nevertheless, the 
work presented here highlights challenges for SL production in S. cerevisiae going forward, most 
notably the very poor conversion of all-trans-β-carotene to 9-cis-β-carotene by various homologues 
of D27.  
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Chapter Three: Characterisation of DWARF27 in vitro and in vivo 
  
54 
 
3.1 Abstract 
DWARF27 (D27) catalyses the first dedicated step in the strigolactone biosynthesis pathway, the 
isomerisation of all-trans-β-carotene to 9-cis-β-carotene. Little is known about D27 structure or 
mechanism of activity. To address these questions, the structure, activity and localisation of rice 
(Oryza sativa) D27 (OsD27) were investigated. Despite extensive in silico and wet lab examinations, 
D27 proved remarkably resistant to yielding useful information for characterization. However, it was 
possible to extract basic sequence information, kinetic data, and demonstrate localisation. The sub-
organellar localisation of OsD27 was determined for the first time, revealing that OsD27 exists in 
both stromal and thylakoid membrane-bound forms. It catalysed isomerisation around the C9-C10 
double bond reversibly with Km = 3.3  1.2 M for all-trans-β-carotene and Km = 5.4  1.4 M for 9-
cis-β-carotene. This is the first time that D27 kinetics have been examined in the forward direction. 
Significant effort was dedicated towards crystallising OsD27 for structural characterisation; however, 
in vitro, purified maltose binding protein (MBP) fusions of OsD27 formed soluble aggregates with 
hydrodynamic radii ranging from 10-150 nm. These aggregates could be partially, but not completely, 
dissociated using detergents, and were incompatible with crystal formation. In a further effort to find 
a crystallisation-competent D27, five homologues from D27, D27-like 1 or D27-like 2 clades were 
investigated. A D27-like 1 protein from Ziziphus jujuba purified primarily as a monomer or low-
molecular weight oligomer, and had favourable predicted crystallisation propensity. While time 
limitations prevented completion of this work, future crystallization trials of this protein may provide 
significant insights into the D27 structure-function relationship. 
 
3.2 Introduction 
Protein engineering is an important companion to pathway engineering, and in some cases can be 
critical to achieving high flux through an engineered pathway 310. Enzyme engineering can improve 
pathway performance by reducing feedback regulation 311–313 , modifying product or substrate 
specificity 314, increasing productivity 315, and changing cofactor requirements 316. In the absence of 
high-throughput screening systems, entirely random combinatorial screens are often impractical due 
to the incredibly large search space. Therefore, protein engineering often relies on structure-guided 
design, for which a thorough understanding of an enzyme’s structure-function relationship is 
essential. 
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Enzymes engineering may be particularly important in engineering secondary metabolic pathways, 
as these are often highly regulated, and secondary metabolism enzymes are typically catalytically 
slower than enzymes in central carbon metabolism 317. There is good evidence that flux through the 
pathway for strigolactone (SL) biosynthetic pathway is tightly regulated. SLs levels are tightly 
controlled, with very low levels (low ng per g root) under normal growth conditions, and up to 1000-
fold increase in production under phosphate and nitrate deficiencies 15–17.  
A common mechanism by which metabolic pathways are regulated is by controlling carbon entry into 
the pathway at the first committed step of the pathway 318. The β-carotene isomerase, D27, catalyses 
the first dedicated step in the SL pathway: the conversion of all-trans--carotene to 9-cis-β-carotene 
(Figure 3-1). 9-cis-β-carotene is oxidatively cleaved and cyclised by two carotenoid cleavage 
dioxygenases, CCD7 and CCD8, in the plastid to produce carlactone (CL, Figure 3-1), which is 
thought to be exported to the cytosol, where it is converted to diverse SLs 165. While phosphate 
deficiency can upregulate many SL biosynthesis enzymes 151,155–157, upregulation of OsD27, but not 
other pathway enzymes, was sufficient to increase SL content under sulphur deficiency in rice (O. 
sativa) 151. This was consistent with D27 acting, at least under some conditions, as a gatekeeper 
enzyme for SL biosynthesis. The potential gatekeeping role of D27, combined with its poor activity 
when expressed in S. cerevisiae (see Chapter Two), highlight the importance of understanding the 
structure-function relationship of this enzyme.  
Our current understanding of D27 is limited, in a large part because it has homology to no other 
functionally characterised proteins, which prevents structure and function being inferred from other 
proteins. D27 was first identified in rice in 2009 319. The d27 mutant had undetectable levels of 4-
deoxyorobanchol (4DO, a major rice SL), and exhibited increased tillering and reduced plant height 
that could be rescued by supplementation with an SL analogue, GR24, indicating that the enzyme 
was involved in SL biosynthesis 319. Isolation of the gene through map-based cloning revealed a 
predicted plastid transit sequence, and an OsD27-GFP fusion localised to the chloroplast in rice 
protoplasts 319. Initial in vitro studies demonstrated that OsD27 bound iron; however its enzymatic 
activity remained elusive 319. In 2012, OsD27 was shown to catalyse the reversible conversion 
between all-trans--carotene and 9-cis--carotene, a discovery that lead to the elucidation of the CL 
biosynthesis pathway as it is currently understood 165.  
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Figure 3-1. Biosynthesis of the SL precursor, carlactone, from all-trans-β-carotene.  D27 catalyses the reversible 
conversion of all-trans-β-carotene to 9-cis-β-carotene. 
  
While the biological role of D27 is the conversion of all-trans--carotene to 9-cis--carotene, the in 
vitro equilibrium favours the all-trans isomer, and only low levels of 9-cis--carotene are produced 
from incubation with all-trans--carotene as the substrate 165,302. In addition to -carotene, OsD27 
catalyses isomerisation of the C9-C10 double bond of other bicyclic carotenoids containing at least 
one unsubstituted -ionone ring, including -carotene and ,-cryptoxanthin 320.  
D27 orthologues have been functionally validated as -carotene isomerases in Arabidopsis thaliana 
and Medicago truncatula 153,321. In addition to functional orthologues, D27 has additional paralogues 
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in most plant species. The functions of these paralogues, and whether they catalyse the isomerisation 
of -carotene, or other carotenoids, remains unclear.  
There remains much that is unknown about D27’s structure-function relationship and catalytic 
mechanism. Indeed, the nature of the iron cofactor, its coordination environment and its role in 
catalysis, have not been elucidated. Harrison et al. proposed that the iron species may be an iron-
sulphur cluster, based on the evidence that silver acetate (which is known to destroy iron sulphur 
clusters by binding the sulphur ligands 322) eliminated the iron UV-visible spectrum and destroyed 
D27 isomerase activity 302. Using mass spectrometry, the stoichiometric ratio of iron to protein was 
measured to be approximately 1.7 319. This could be consistent with a 2Fe-2S cluster, or a 3Fe-4S 
cluster shared by a D27 homodimer, or could reflect incomplete formation of the iron-sulphur 
clusters.  
Another major question is how D27, which is a water-soluble protein in E. coli, accesses its 
hydrophobic -carotene substrate, which localises to plastidic membranes 177. Understanding whether 
D27 interacts with membranes, and how this interaction is mediated, will be critical to understanding 
the function of this enzyme in vivo.  
To help address these outstanding questions, this study investigated OsD27 activity and membrane 
association, and made progress towards developing a crystallisation-competent construct of an 
OsD27 homologue.  
 
3.3 Materials and Methods 
3.3.1 Plasmid construction 
Methods for PCR, Gibson assembly, restriction digest, and nucleic acid purification were as per 
Chapter Two. Coding sequences for all synthesised genes are listed in Appendix 1, and all primers 
are listed in Appendix 2. An overview of plasmids is provided in Table 3-1. The plasmid pMALc4x-
OsD2755-75, encoding MBP-OsD2755-75 with a Factor Xa cleavage site, was a gift from Salim 
Al Babili 165. The plasmid pMBP-OsD27TP (GenBank accession MT321292) included an N-
terminal hexahistidine tag and Factor Xa cleavage site between MBP and OsD27TP (that is, OsD27 
lacking its plastid transit peptide, residues 1-40). To generate pMBP-OsD27TP, an OsD27TP gene 
fragment (Appendix 1) was amplified using primers 210 + 221 (Appendix 2), and MBP was amplified 
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from pMALc4x-OsD2755-75 using primers 211+212+220 (overlapping forward primers, Appendix 
2). Amplified fragments were assembled between NdeI and SbfI sites of the pMALc4x-OsD2755-
75 backbone using Gibson assembly.  
pMBP-OsD27disorder (GenBank accession MT321291) included an N-terminal hexahistidine tag 
and a Tobacco Etch Virus (TEV) protease cleavage site between MBP and OsD27 lacking both the 
transit peptide (residues 1-40) and an N-terminal disordered region (residues 41-73).  To generate 
pMBP-OsD27disorder, pMBP-OsD27TP was digested with NdeI and SbfI. Undigested plasmid 
was used as a template to amplify OsD27disorder with primers 210 + 224, and MBP with primers 
211 + 212 + 223 (two overlapping forward primers, Appendix 2). These primers replaced the Factor 
Xa cleavage site with a TEV protease cleavage site, and truncated the disordered region of OsD27 
such that its N terminus was at Ala74. MBP, OsD27disorder and the backbone were re-assembled 
using Gibson cloning.  
pMBP-H-OsD27disorder (GenBank accession MT321289) encoded MBPH-OsD27disorder, 
which had a rigid helical linker between MBP and OsD27disorder and lacked the previously used 
hexahistidine tag. pMBP-H-OsD27disorder was generating using Gibson assembly of MBP and 
OsD27disorder – each amplified from pMBP-OsD27disorder using primers 271 + 272, and 
primers 283 + 300, respectively (Appendix 2) – between NdeI and HindIII sites of the pMBP-
OsD27disorder backbone. 
pMBP-H-OsD27disorder-MBP (GenBank accession MT321290) encoded MBPH-
OsD27disorder-MBP, which was the same as MBPH-OsD27disorder except it was flanked at the 
C-terminus by an additional MBP. To generate pMBP-H-OsD27disorder-MBP, OsD27disorder 
was amplified from pMBP-H-OsD27disorder using primers 448 and 449 (Appendix 2), and MBP 
was amplified from pMBP-OsD27TP using primers 446 and 447 (Appendix 2). These fragments 
were cloned between NheI and HindIII sites of pMBP-H-OsD27disorder using Gibson assembly.  
pMBP (GenBank accession MT321287, encoding MBP only) was generated by digesting pMALc4x-
OsD2755-75 with SacI and SbfI to remove OsD2755-75, then using Gibson assembly to re-
assemble the plasmid with a stop codon using a 100 bp bridging fragment generated through PCR 
extension of primers 329 + 330 (Appendix 2).  
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Sequences of OsD27 homologues were synthesised as DNA fragments with flanking attB1 and attB2 
sites (Appendix 1, Integrated DNA Technologies). Synthesised fragments were inserted into 
pDONR221using Gateway BP Clonase (Invitrogen) as per the manufacturer’s directions. The 
resulting pENTRY clones were recombined using Gateway LR Clonase (Invitrogen) as per the 
manufacturer’s directions with each pDest-544 (Addgene 11519), pDest-566 (Addgene 11517) and 
pBAD-DEST49 (Thermo Fisher), for fusion to solubility-enhancing partners: N-utilization substance 
(NusA), MBP, and thioredoxin (Trx), respectively. pMBP-H-D27h5disorder (GenBank accession 
MT321288) encoding MBPH-D27h5disorder (a rigid helical linker fusion of MBP to an  Asparagus 
officinalis D27 protein XP_020242076.1 lacking residues 1-59, corresponding to its transit peptide 
and disordered region) was constructed as per pMBP-H-OsD27disorder, except D27h5disorder 
amplified using primers 281 and 299 (Appendix 2) was used in place of OsD27disorder. 
To generate truncations of OsD27, PCR amplified MBP and the indicated OsD27 truncation were 
assembled in NdeI and SbfI sites of the pMALc4x-OsD2755-75 backbone using Gibson cloning. 
The MBP fragment was amplified from pMBP-OsD27disorder using primers 307 and 308 
(Appendix 2). OsD27 truncations were amplified from pMBP-OsD27disorder using primers as 
follows: 1-81, 210 and 343; 1-83, 210 and 309; 1-93, 210 and 310; 1-103, 210 and 311; 240-
278, 224 and 321; 250-278, 224 and 320; 267-278, 224 and 344; 270-278, 224 and 318 (see 
Appendix 2 for primer sequences). 
pEAQ-HT and pM81-FSC2 were gifts from Frank Sainsbury 323. N terminal fragments of OsD27 and 
OsD27disorder were synthesised as gene fragments (Integrated DNA Technologies) using native 
codons (Appendix 1). A C terminal fragment was PCR amplified from pMALc4x-OsD2755-75 
using primers 288, and overlapping reverse primers 289 and 290, adding a C-terminal myc tag for 
immunodetection (see Appendix 2 for primer sequences). Amino and carboxy terminal fragments 
were assembled between AgeI and XhoI sites of pM81-FSC2 using Gibson cloning. The AscI/PacI 
fragments containing the CaMV promoter, OsD27 or OsD27disorder and a nos terminator were then 
transferred from pM81-FSC2 to pEAQ-HT by restriction-based cloning to yield pEAQ-HT-OsD27 
(GenBank accession MT270498) and pEAQ-HT-OsD27disorder (GenBank accession MT270497). 
Named plasmids (see Table 3-1) were verified by sequencing. Plasmids used for D27 truncation 
screens and D27 homolog screens were verified by diagnostic PCR or restriction digest.  
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Table 3-1. Plasmids used in Chapter 3. 
N. benthamiana expression plasmids 
Plasmid name 
Encoded protein 
name Tags and linker 
D27 coding sequence 
and NCBI reference 
sequence GenBank Accession 
pEAQ-HT-OsD27 OsD27-c-myc C-terminal c-myc tag O. sativa D27 
XP_015615253.1 
MT270498 
pEAQ-HT-
OsD27Δdisorder 
OsD27Δ41-73-c-
myc 
C-terminal c-myc tag O. sativa D27Δ41-73  
XP_015615253.1 
MT270497 
E. coli expression plasmids 
Plasmid name 
Encoded protein 
name Tags and linker 
D27 coding sequence 
and NCBI reference 
sequence GenBank Accession 
pMALc4x-
OsD27Δ55-75 
MBP-OsD27Δ55-
75 
N-terminal MBP tag 
Factor Xa cleavage site 
O. sativa D27Δ55-75 
XP_015615253.1 
 
pMBP-OsD27ΔTP MBP-OsD27ΔTP N-terminal 6His and 
MBP tags, Factor Xa 
cleavage site 
O. sativa D27Δ1-40 
XP_015615253.1 
MT321292 
pMBP-
OsD27Δdisorder 
MBP-
OsD27Δdisorder 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-73 
XP_015615253.1 
MT321291 
pMBP-H-
OsD27Δdisorder 
MBPH-
OsD27Δdisorder 
N-terminal MBP tag 
Rigid helical linker 
O. sativa D27Δ1-73 
XP_015615253.1 
MT321289 
pMBP-H-
OsD27Δdisorder-
MBP 
MBPH-
OsD27Δdisorder-
MBP 
N- and C-terminal MBP 
tags, rigid helical linker 
O. sativa D27Δ1-73 
XP_015615253.1 
MT321290 
pMBP MBP MBP None MT321287 
pMBP-H-
D27h5Δdisorder 
MBPH-
D27h5Δdisorder 
N-terminal MBP tag, 
rigid helical linker 
A. officinalis D27Δ1-59 
XP_020242076.1 
MT321288 
D27 truncation 
plasmids not named 
MBP-OsD27Δ1-
81 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-81  
XP_015615253.1 
D27 truncation 
plasmids not 
deposited into 
GenBank  MBP-OsD27Δ1-
83 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-83  
XP_015615253.1 
MBP-OsD27Δ1-
93 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-93  
XP_015615253.1 
MBP-OsD27Δ1-
103 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-103 
XP_015615253.1 
MBP-
OsD27Δ240-278 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-40 
Δ240-278  
XP_015615253.1 
MBP-
OsD27Δ250-278 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-40 
Δ250-278  
XP_015615253.1 
MBP-
OsD27Δ267-278 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27Δ1-40 
Δ267-278  
XP_015615253.1 
MBP-
OsD27Δ270-278 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
O. sativa D27 Δ1-40 
Δ270-278  
XP_015615253.1 
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Plasmids used for 
D27 homologue 
screens not named 
NusA-
D27h1Δdisorder 
N-terminal 6His and 
NusA tags, TEV 
protease cleavage site 
Guillardia theta 
CCMP2712  
XP_005819831.1 Δ1-14 
Plasmids used for 
D27 homologue 
screens not deposited 
into GenBank  NusA-
D27h2Δdisorder 
N-terminal 6His and 
NusA tags, TEV 
protease cleavage site 
Dunaliella bardawil 9-
cis-βC-ISO11 Δ1-78 
NusA-
D27h3Δdisorder 
N-terminal 6His and 
NusA tags, TEV 
protease cleavage site 
Ziziphus jujube  
XP_015896339.1  Δ1-42 
NusA-
D27h4Δdisorder 
N-terminal 6His and 
NusA tags, TEV 
protease cleavage site 
Capsicum annuum  
XP_016577336.1 Δ1-50 
NusA-
D27h5Δdisorder 
N-terminal 6His and 
NusA tags, TEV 
protease cleavage site 
A. officinalis 
XP_020242076.1 Δ1-59 
MBP-
D27h1Δdisorder 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
Guillardia theta 
CCMP2712  
XP_005819831.1 Δ1-14 
MBP -
D27h2Δdisorder 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
Dunaliella bardawil 9-
cis-βC-ISO11 Δ1-78 
MBP -
D27h3Δdisorder 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
Ziziphus jujube  
XP_015896339.1  Δ1-42 
MBP -
D27h4Δdisorder 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
Capsicum annuum  
XP_016577336.1 Δ1-50 
MBP -
D27h5Δdisorder 
N-terminal 6His and 
MBP tags, TEV 
protease cleavage site 
A. officinalis 
XP_020242076.1 Δ1-59 
 
Trx-
D27h1Δdisorder 
N-terminal His-patch 
Trx tag, TEV protease 
cleavage site 
Guillardia theta 
CCMP2712  
XP_005819831.1 Δ1-14 
 
Trx -
D27h2Δdisorder 
N-terminal His-patch 
Trx tag, TEV protease 
cleavage site 
Dunaliella bardawil 9-
cis-βC-ISO11 Δ1-78 
 
Trx -
D27h3Δdisorder 
N-terminal His-patch 
Trx tag, TEV protease 
cleavage site 
Ziziphus jujube  
XP_015896339.1  Δ1-42 
 
Trx -
D27h4Δdisorder 
N-terminal His-patch 
Trx tag, TEV protease 
cleavage site 
Capsicum annuum  
XP_016577336.1 Δ1-50 
 
Trx -
D27h5Δdisorder 
N-terminal His-patch 
Trx tag, TEV protease 
cleavage site 
A. officinalis 
XP_020242076.1 Δ1-59 
 
1Deposition name in the Dunaliella salina proteome bank at the Weizmann Institute of Science 
 
3.3.2 E. coli in vivo assay  
The β-carotene-producing E. coli strain, denoted EcAM5-βC1 (EcAM5 strain 324 harbouring the 
plasmid pAC-BETA 325), was a gift from Jordi Pérez (Centre for Research in Agricultural Genomics). 
Chemically competent EcAM5-βC1 were produced using the rubidium chloride method 287. EcAM5-
βC1 were transformed with the indicated D27 vector and grown overnight on Luria-Bertani (LB) agar 
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with 50 g/mL kanamycin, 34 g/mL chloramphenicol and 100 g/mL ampicillin. Untransformed 
control EcAM5-βC1 was streaked on LB agar with 50 g/mL kanamycin, 34 g/mL 
chloramphenicol. All subsequent culturing was in LB medium containing the abovementioned 
antibiotics. Single colonies were picked and grown overnight as 5 mL precultures at 37 C, 200 rpm. 
The following morning, 20 mL LB in unbaffled 100 mL shake flasks was inoculated with preculture 
to a starting OD600 = 0.05, and grown until 0.3 < OD600 < 0.6. Protein expression was induced with 1 
mM IPTG, or 0.2% arabinose in the case of pBAD-DEST49 vectors, and cultures were incubated at 
20 C, 200 rpm overnight.  Samples were harvested the following morning for carotenoid extraction 
and HPLC or spectrophotometric analysis. 
3.3.3 Carotenoid extraction and HPLC analysis 
E. coli culture (2-10 mL) was pelleted and cells were resuspended in 1 mL ethyl acetate with 300 µL 
0.1 mm glass beads. Samples were lysed in a Precellys 24 Homogenizer (Bertin Technologies) with 
3 cycles of 30 seconds at 6,800 rpm followed by 45-second rests. Cell debris were removed by 
centrifugation at 18,000 × g for 10 minutes and the supernatant was analysed by HPLC at the 
Metabolomics Australia Queensland Node on an Agilent 1200 HPLC system. All-trans--carotene 
and 9-cis--carotene were separated using a YMC-Pack C30-reversed phase column (250 × 4.6 mm 
i.d., 5 µm; YMC Europe), and detected by a diode array detector at 450 nm. HPLC conditions were 
as per Harrison et al 302, with the exception that the column was maintained at 10 °C. 
3.3.4 Spectrophotometry 
Samples were prepared as per HPLC analysis. Where necessary, samples were diluted in ethyl acetate 
such that the absorbance did not exceed the linear range of the spectrophotometer. Spectrophotometry 
was performed in a quartz cuvette on a Tecan Infinite 200 PRO plate reader with integrated cuvette 
port. Absorbance was measured at discreet wavelengths (447 nm, 452 nm, 474 nm and 479 nm) or as 
a wavelength spectrum (320 – 550 nm in 1 nm increments), with a bandwidth of 9 nm. 
3.3.5 Protein expression and purification 
All proteins were expressed in Rosetta(DE3), with the exception of MBPH-OsD27disorder when 
co-purified with -carotene after expression in -carotene producing cells EcAM5-βC1. After 
overnight precultures, strains were inoculated into 800 mL LB medium with 100 g/mL ampicillin, 
34 g/mL chloramphenicol (and 50 µg/mL kanamycin in the case of EcAM5-βC1). Cultures were 
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grown at 37 C, 200 rpm until 0.4 < OD600 < 0.6, at which time expression was induced with 1 mM 
IPTG, and cultures were incubated at 20 C, 200 rpm overnight. Bacterial pellets were harvested, 
washed, and stored at −30 C until purification. Pellets were resuspended in 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH pH 7.5, 150 mM NaCl, 1 mM 
dithiothreitol, 1  cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche), and lysed by passing 
twice through an Emulsiflex C5 high-pressure homogeniser (Avestin) at 15,000 psi, or sonication in 
the presence of 1 mg/mL lysozyme. Lysates were clarified by centrifugation at 18,000  g, 4 C for 
30 min then passed through a 0.22 m polyethersulfone Millex-GP syringe filter. MBP-tagged protein 
fusions were purified using an MBPTrap HP 5 mL column (GE Healthcare) as per the manufacturer’s 
protocol, with the exception that the buffers were 10 mM HEPES-NaOH pH 7.5, 150 mM NaCl, with 
0 mM or 10 mM maltose for binding and elution buffers, respectively. Further purification and 
assessment of protein particle size distribution was achieved by size exclusion chromatography using 
an ÄKTA pure equipped with a Superdex 200 Increase 10/300 GL column (GE Healthcare) in 10 
mM HEPES-NaOH pH 7.5, 150 mM NaCl. Where indicated, detergents were included in purification 
buffers at the indicated concentrations. For size exclusion chromatography in the presence of the 
DAMP4 326 peptide surfactant, DAMP4 was added to purified MBPH-OsD27disorder in a three-fold 
molar excess. DAMP4 was a gift from Chunxia Zhao (Australian Institute for Bioengineering and 
Nanotechnology, The University of Queensland), and was prepared as described previously 326. 
3.3.6 Dynamic light scattering 
Dynamic light scattering was performed by the UQ Protein Expression Facility. 20 μL of sample was 
pipetted into a 384-well microtitre plate in triplicate, and centrifuged at 1000 × g for 30 min at 25°C 
to remove trapped air bubbles. The plate was placed in a DynaPro plate reader (Wyatt Technology 
Corporation, CA, USA). The Dynamics software (Wyatt Technology Corporation) was used for 
scheduled data acquisition and analysis. 
3.3.7 Crystallisation trials 
Crystallisation trials were performed at the Collaborative Crystallisation Centre (CSIRO, Melbourne, 
Australia) using four screens, each with 96 conditions: PS gradient, Shotgun and PACT_C3 screens 
at 20 C, and a Shotgun screen at 8 C. Details of screen conditions are available in Appendix 3.  
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3.3.8 In vitro OsD27 activity assay 
In vitro OsD27 activity assays were adapted from the carotenoid cleavage dioxygenase assay in Alder 
et al 327. β-carotene concentrations were measured spectrophotometrically using molar extinction 
coefficients of ε=136904.4 (9-cis-β-carotene) 328 and ε=139159.296 (all-trans-β-carotene) 329. Triton 
X-100 micelles were prepared as follows: 80 µM 9-cis-β-carotene was prepared in 50% acetone, 50% 
ethanol, 0.2% Triton X-100, the solvent was removed using a vacuum centrifuge at 30 °C, and the 
resulting pellet was resuspended in water to give 160 µM 9-cis-β-carotene, 0.4% Triton X-100. 
Reactions were performed in 200 µL, containing 50 µL protein, 50 µL of the micelle preparation 
(final concentrations 40 µM 9-cis-β-carotene, 0.1% Triton X-100), and 100 µL 2 × reaction buffer 
(200 mM HEPES-NaOH pH 8.0, 2 mM (tris(2-carboxyethyl)phosphine, 0.4 mM FeSO4, 2 mg/mL 
catalase). Reactions were incubated for 2 hours at 28 °C, and stopped by adding 600 µL ethyl acetate 
and vortexing for 30 sec. Aqueous and organic phases were separated by centrifugation at 18,000 × 
g for 1 min, and the organic phase was analysed using the spectrophotometric assay as per section 
3.3.4, or concentrated by vacuum centrifugation, and analysed by HPLC (section 3.3.3). 
Kinetic assays were performed as above with the following modifications. All-trans-β-carotene and 
9-cis-β-carotene substrates were prepared at various concentrations in 50% acetone, 50% ethanol, 
0.2% Triton X-100, prior to vacuum centrifugation, such that the final Triton X-100 concentration 
remained constant (0.1% in the final reaction buffer). For all-trans-β-carotene, precipitate formation 
was prevented by centrifuging solutions at 18,000 × g for one minute then diluting into an equal 
volume of solvent prior to measuring and adjusting the concentration to the required value. Protein 
concentration was 5 µM. Each time point was measured using a different reaction, and for the linear 
reaction phase, timepoints were in increments of 10 sec – 1 min, depending on the substrate 
concentration.  
3.3.9 Phylogenetic analysis  
The OsD27 sequence was obtained from Uniprot (C7AU21) and used as the query for Protein Basic 
Local Alignment Search Tool (BLASTp) against the RefSeq database using the BLOSUM62 matrix, 
with gap costs of 11 for existence, 1 for extension, a word size of 6, and an expect value threshold of 
10. The maximum number of target sequences was set to 20,000. All homologues (518 sequences) 
were downloaded and a preliminary multiple sequence alignment was performed using MafftWS with 
default settings in Jalview 330. Multiple isoforms were manually identified and removed in 
consultation with the preliminary multiple sequence alignment. The sequences were further curated 
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by removing sequences annotated as low-quality, and by adding additional homologues from 
Dunaliella bardawil: Dusal.0248s00011.1 and Dusal.1143s00001.1. The final list contained 380 
sequences.  
Multiple sequence alignment was performed in MEGA X 331 using ClustalW with default parameters, 
then a phylogenetic tree was inferred using the Maximum Likelihood method and JTT matrix-based 
model 332. All positions with less than 90% site coverage were eliminated, leaving 178 positions in 
the final dataset. Bootstrap values were calculated using 500 Bootstrap replications. The tree was 
visualised and rooted with the cyanobacterial D27-like clade using Figtree 333.  
3.3.10 In silico protein feature prediction 
The OsD27 sequence was obtained from Uniprot (C7AU21) and protein features were predicted using 
algorthims described in Table 3-2. 
Table 3-2. Algorithms used for prediction of protein features 
Feature Prediction algorithms References 
Chloroplast transit peptide ChloroP 334 
Protein disorder MFDp2  335 
Genesilico MetaDisorderMD2 336 
disCoP  337 
MetaPrDOS  338 
UCON 339 
Secondary structure JNetPRED  340 
PROFsec (PredictProtein server) 341 
REPROFsec (PredictProtein 
server) 
341 
GOR4  342 
Transmembrane helices MEMSAT-SVM  343 
TMSEG  344 
PHDhtm 345 
TMpred 346 
TMHMM  347 
Phobius  348,349 
Solvent Accessibility PROFAcc (PredictProtein server) 341 
Amphipathic helix prediction Amphipaseek 342,350 
GPI anchor prediction GPI-SOM 351 
Prenylation prediction PrePS 352 
S-acylation CSS-Palm  353 
SeqPalm  354 
NBA-Palm  355 
Tertiary structure 
 
HHpred  356–359 
Phyre2 360 
SWISS-MODEL 361 
I-TASSER 362–364 
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3.3.11 In silico analysis of OsD27 homologues 
Homologues of D27 were selected using a BLASTp search of OsD27 (C7AU21) and four previously 
characterised OsD27 homologues (9cisCiso1, 9cisCiso2 308, Arabidopsis thaliana D27 (Q7XA78), 
and Medicago truncatula D27 (R4HZ96)), against the non-redundant protein database . Combining 
the top 100 hits for each BLASTp search generated 365 unique proteins. Disordered regions were 
predicted using MFDp2, and N-terminally truncated in Python after the last predicted disordered 
residue that was greater than 80 amino acids from the C terminus. As the proteins would be expressed 
as C-terminal fusions to MBP, NusA or Trx, with a TEV cleavage site, the truncated sequences were 
appended with an N-terminal glycine as the final residue of a TEV protease cleavage site that would 
remain after cleavage. The resulting sequences were analysed by Crysalis 365, ccSOL omics 366, 
SPpred 367 and XtalPred 368; scores for Crysalis I and Crysalis II were combined by averaging. Grand 
average of hydropathy (GRAVY) values were calculated at http://www.gravy-calculator.de/ 
index.php. Hydropathic character was visualised using the method of Kyte and Doolittle 369. 
3.3.12 Nicotiana benthamiana expression of OsD27 and chloroplast isolation and 
fractionation 
pEAQ-HT-OsD27 or pEAQ-HT-OsD27disorder were transformed into Agrobacterium tumefaciens 
by electroporation, and grown at 28 °C for 2-3 days on LB agar containing 50 g/mL streptomycin, 
50 g/mL kanamycin and 50 g/mL rifampicin. Transformed A. tumefasciens were grown at 28 C, 
200 rpm for 2 days, in 5 mL LB medium with 50 g/mL streptomycin, 50 g/mL kanamycin and 50 
g/mL rifampicin. Cultures were diluted by adding 400 L culture to 8 mL of the abovementioned 
LB medium, and grown for a further 18 h. Next, cultures were pelleted by centrifugation at 2200  g 
for 22 min, then resuspended in 10 mM 2‐[N‐morpholino]ethanesulfonic acid pH 5.6, 10 mM MgCl2, 
100 μM acetosyringone and incubated at room temperature for 2 hours. Five- to six-week old N. 
benthamiana plants, grown in greenhouses maintained at 23-25 C, were infiltrated with the 
agrobacterium suspension by pressure infiltration, and grown for a further 8 days. N. benthamiana 
were maintained in the dark for the final 16-20 h growth period to reduce starch accumulation, which 
can impede chloroplast isolation.  
Chloroplast fractionation was adapted from Flores-Pérez et al 370. Infiltrated leaves (10 g) were 
homogenised in 50 mL chloroplast isolation buffer (20 mM HEPES-KOH, pH 8.0, 300 mM sorbitol, 
5 mM MgCl2, 5 mM EGTA, 5 mM EDTA, 10 mM NaHCO3) in a Waring blender using 3 bursts of 
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2-3 seconds, then filtered through two layers of muslin and one layer of miracloth. The filtrate was 
centrifuged at 2500  g for 2 min at 4 C. The pellet was washed three times in 10-20 mL chloroplast 
isolation buffer by resuspending the chloroplasts with a small paintbrush and transferring to a fresh 
centrifuge tube, leaving any white starch pellet behind. After the final wash, chloroplasts were 
resuspended in 1 mL hypotonic lysis buffer (25 mM HEPES-KOH, pH 8.0 supplemented with 
SIGMAFAST Protease Inhibitor Tablets) and lysed using a glass homogeniser with glass pestle (30 
repetitions up and down). Lysed chloroplasts were supplemented with 700 µL 25 mM HEPES-KOH 
pH 8.0, 4 mM MgCl2, 600 mM sucrose, then 1.5 mL chloroplast lysate was layered on top of a sucrose 
gradient comprising discrete layers of 800 µL1.2 M, 1.0 M, and 460 mM sucrose in 25 mM HEPES-
KOH, pH 8.0. Fractions were separated by ultracentrifugation at 200,000  g for 1 hour at 4 C in an 
SW 32 Ti swinging bucket rotor using an Optima XPN-100 HP Ultracentrifuge (Beckman Coulter). 
The stromal fraction was collected from the top 500 L,  envelop membranes were extracted from 
the 460 mM – 1.0 M sucrose interface, and thylakoid membranes from the 1.0 M – 1.2 M interface. 
To remove sucrose from membrane fractions, thylakoid and envelop fractions were diluted with 1 
mL hypotonic lysis buffer, re-centrifuged at 48,000  g for 1 hour at 4 C, then resuspended in 500 
µL hypotonic lysis buffer. Where indicated, a duplicate thylakoid fraction was incubated in 6 M urea 
for 1 hour, centrifuged at 48,000  g for 1 hour at 4 C, then resuspended in 500 µL hypotonic lysis 
buffer for analysis.  
For immunoblotting, samples were separated by SDS-PAGE using a Mini-PROTEAN TGX Stain-
Free Precast Gel, then transferred onto Polyvinylidene Fluoride membranes using the Trans-Blot 
Turbo Transfer System (BioRad). Membranes were blocked in phosphate buffered saline (PBS) with 
0.1% TWEEN 20 and 5% skim milk powder for 1 hour, then incubated with primary antibodies 
diluted into blocking buffer for 1-2 hours at room temperature or at 4 °C overnight. OsD27 or 
OsD27disorder were detected using α-c-myc-HRP (Miltenyi 130-092-113, 1/5000 dilution). 
Markers for stromal, thylakoid and envelop fractions were detected using α-RbcL (Agrisera AS03 
037, 1/5000 dilution), α-LHCB1 (Agrisera AS01 004, 1/2000) and α-Tic40 (Agrisera AS10 709, 
1/2500 dilution), respectively. Immunoblots were washed in PBS with 0.1% TWEEN 20. For 
antibodies not conjugated to HRP, immunoblots were incubated with α-rabbit-HRP (Cell Signalling 
7074, 1/1000 dilution in PBS with 0.1% TWEEN 20) for one hour then washed again. Immunoblots 
were imaged using Clarity Western ECL substrate as per the manufacturer’s protocol, using a 
ChemiDoc XRS+ system (BioRad). 
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3.3.13 Statistical analyses 
All statistical analyses were performed in GraphPad Prism 8. Multiple comparisons were assessed by 
one-way ANOVA, followed by Tukey’s multiple comparison test.  
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3.4 Results 
3.4.1 Bioinformatic analysis of OsD27 
3.4.1.1 Protein architecture  
Sequence-based analysis of OsD27 revealed a predicted a 40 amino acid plastid transit peptide, which 
is expected to be cleaved after import into plastids, leaving the mature protein (Figure 3-2) 334. The 
N-terminal 33-37 amino acids of the mature protein were consistently predicted across multiple 
prediction algorithms to have high intrinsic disorder. Four of five algorithms also predicted a 5-15 
amino acid disordered region at the C-terminus, while the fifth algorithm (UCON 339) predicted three 
short additional disordered regions throughout the protein that were not reflected in other algorithms 
(Figure 3-2).  
Following the N-terminal disordered region, there were predicted structured domains comprising an 
approximately 85-amino acid α-helical region followed by an annotated Pfam domain of unknown 
function, DUF4033 (PF13225) 371 (Figure 3-2). DUF4033 was predicted to contain primarily β-
strands with a small amount of α-helical structure, the location of which varied slightly by prediction 
algorithm (Figure 3-2). While the boundaries of predicted secondary structure varied slightly 
dependent on the prediction algorithm, all algorithms were largely consistent in predicting an α-
helical region followed by a β-strand-rich DUF4033.   
3.4.1.2 Potential membrane association 
Because of their hydrophobicity, carotenoids localise to thylakoid membranes in chloroplasts and 
other membranous and non-membranous substructures in other plastids 177. Many enzymes involved 
in carotenoid biosynthesis localise to plastid membranes or plastoglobuli  (reviewed in 372), 
presumably to facilitate access to membrane-localised substrates and release of hydrophobic 
products. While OsD27 is known to localise to plastids 319, it is unknown whether it associates stably 
with membranes. To investigate potential membrane interactions, bioinformatic prediction 
algorithms were used to identify possible transmembrane regions, amphipathic helices, and post-
translational lipid modifications.  
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Figure 3-2. Predicted structural features of OsD27. The sequence logo shows sequence conservation of the D27 clade, 
with gaps removed according to OsD27 numbering. Algorithms used to predict sequence features are listed in the order 
displayed (top to bottom). Disordered regions: UCON339, disCoP337, Genesilico MetaDisorder MD2336, MetaPrDOS,338 
and MFDp2335. Secondary structure: JNetPRED 340, GOR4342, REPROFsec (PredictProtein server)341, and PROFsec 
(PredictProtein server)341. Solvent exposure: PROFAcc (PredictProtein server)341. Transmembrande helices: MEMSAT-
SVM343, TMSEG344, PHDhtm345, TMpred346, TMHMM347, and Phobius348,349. 
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Identification of a transmembrane helix proved ambiguous. Prediction algorithms MEMSAT-SVM 
343, TMSEG 344, PHDhtm 345, and TMpred 346 predicted at least one helix in the region around residues 
160-175 with PHDhtm and TMpred predicting an additional helix from residues 142-153 (Figure 
3-2). In contrast, Phobius 348,349 and TMHMM 347 predicted low probability of a transmembrane helix 
in OsD27. The region from 142-175 is highly conserved among OsD27 homologues (Figure 3-2). 
Amphipathic helix prediction using Amphipaseek 342,350 did not predict amphipathic helices using the 
low-specificity, high-sensitivity mode. 
An alternative mechanism of membrane localisation is post-translational lipid modifications 
including myristoylation, prenylation, S-acylation (palmitoylation) or the addition of a GPI anchor 
373. According to sequence-based prediction algorithms, OsD27 is not predicted to have a GPI anchor 
351, has no predicted prenylation sites 352, and does not have an N-terminal glycine for myristoylation. 
Three different prediction algorithms were used to predict S-acylation: CSS-Palm  353, SeqPalm 354, 
and NBA-Palm 355. All algorithms predicted S-acylation of OsD27, but at different sites. CSS-Palm 
predicted S-acylation at C171, C202 and C236; SeqPalm predicted S-acylation at C261 and C266; 
and NBA-Palm predicted S-acylation at C175 and C236. 
3.4.1.3 Tertiary structure prediction did not yield reliable models   
Protein three-dimensional structure provides insight into the molecular mechanisms of protein 
function. Where no structures have been reported – as is the case for OsD27 and homologues – 
homology modelling can sometimes enable prediction of an atomic-level three-dimensional protein 
structure based on alignment of its primary sequence with proteins of known structure. Since tertiary 
structure is generally more conserved than sequence 374, this approach can work well, even where 
sequence identity is low.  
A BLASTp search of OsD27 against the PDB yielded no significant similarity with deposited protein 
structures. HHpred 356–359, a highly sensitive method for remote homology detection 358, detected five 
hits; however, the probability that the match was a true positive was reported at less than 50% for 
each hit, and alignment E-values were greater than 150. This indicated very low confidence that a 
structure inferred from these hits would reflect the true structure of OsD27. Furthermore, the putative 
homology spanned only OsD27 residues 81-185, a predicted helix-rich domain at the N-terminus of 
Pfam DUF4033. Similarly, analysis with SWISS-MODEL 361 and Phyre2 360 produced hits with low 
confidence and poor coverage. I-TASSER362–364 produced homology models with higher coverage; 
however, the confidence for the predicted models was very low (<−4 on a scale from −5 to 2), and 
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the predicted TM-score (a scale for measuring structural similarity) was closer to that indicating 
random similarity than that indicating the correct topology. Thus, a homology model based on these 
hits would be minimally informative due to the short region of alignment, and/or likely misleading 
due to the poor homology.  
3.4.1.4 Phylogeny and sequence conservation 
Understanding evolutionary relationships can provide insight into the emergence of protein function 
and help untangle orthologous and paralogous sequences. Previous studies investigated the phylogeny 
of OsD27 homologues 183,321, to provide insight into the emergence of strigolactone biosynthesis. 
These analyses found that D27-like sequences clustered into three clades: D27 proteins that had 
demonstrated involvement in SL biosynthesis all clustered into the D27 clade, while paralogous 
sequences formed D27-like 1 (D27L1) and D27-like 2 (D27L2) clades (naming as per 183).  
While previous phylogenetic studies provided insight into D27 evolution, they used a limited number 
of sequences, ranging from 10 to 57 homologues 152,183,308,321. To broaden our understanding of D27 
evolution and improve our ability to class D27 homologues from diverse species into the three clades, 
phylogenetic analysis was performed on 380 known D27 homologues. All sequences in the RefSeq 
database that had homology to rice OsD27 (Uniprot C7AU21, E-value < 1 × 10-5) were downloaded 
using BLASTp, manually curated to remove multiple isoforms and low-quality sequences, then 
aligned using ClustalW for Maximum Likelihood tree construction. 
As reported previously, eukaryotic D27-like proteins clustered into three clades (Figure 3-3). The 
primary nodes for each clade had low bootstrap values, indicating low confidence of the clustering 
shown. However, this was due to uncertainty in clustering of algal, bryopsida and lycopodiopsida 
sequences, not angiosperm sequences. Indeed, algal D27-like proteins were quite divergent (as 
indicated by long branch lengths), and clustered with low confidence into the D27L1 and D27L2 
clades, whereas the three clades were well supported at the angiosperm level. The indicated clustering 
of angiosperm D27 sequences was supported by 95.8% of Bootstrap trees, with angiosperm D27L1 
clustering by 80.6%, and angiosperm D27L2 clustering by 97.2% (Figure 3-3). The confidence in 
clustering at the angiosperm level means that the tree is useful for distinguishing angiosperm D27 
orthologues, from D27L1 and D27L2 paralogues, which appear to have emerged early in land plant 
evolution.  
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Figure 3-3. Maximum Likelihood tree showing D27 and D27-like proteins. The topology was rooted with the 
cyanobacterial D27-like clade (yellow), based on their ancestral relationship to plastids in plants and algae. Branch 
lengths are measured in number of substitutions per site, and branch colours indicate Bootstrap values scaled between 
0% (light grey) and 100% (black) of trees in which the associated taxa clustered together.  Verified rice D27 (OsD27) 
and Arabidopsis D27 (AtD27), as well as additional homologues used in this study are annotated.  
Using the extended list of putative D27 orthologues identified by the D27 clade of the Maximum 
Likelihood tree, amino acid conservation was examined. The sequence logo (Figure 3-2) showed low 
sequence conservation in the plastid transit peptide and disordered regions, with highest sequence 
conservation being shown in the DUF4033 region.  Since OsD27 is predicted to be an iron-sulfur 
cluster protein, conserved cysteines and histidines that could be involved in iron coordination were 
of interest. OsD27 had seven highly conserved cysteine residues, and two moderately conserved 
histidines. 
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3.4.2 OsD27 is a peripheral thylakoid protein 
Proteins can interact with hydrophobic substrates via various mechanisms including as integral 
membrane proteins, peripheral membrane proteins, or as soluble proteins that interact only transiently 
with membrane systems. As transmembrane helix prediction algorithms yielded inconsistent results 
for OsD27, membrane interaction was tested directly by chloroplast fractionation of Nicotiana 
benthamiana leaves expressing OsD27 fused to a carboxy-terminal c-myc epitope tag for 
immunodetection. A band consistent with the expected size of OsD27-c-myc was detected on the α-
c-myc immunoblot, in addition to higher molecular weight species (Figure 3-4A). The higher 
molecular weight bands were not present in a control chloroplast lysate expressing GFP, and reduced 
in intensity upon longer boiling times, indicating that they were likely SDS-stable multimers of 
OsD27-c-myc. OsD27-c-myc partitioned between stromal and thylakoid fractions of the chloroplast, 
indicating a stable interaction with thylakoid membranes (Figure 3-4A).  
Integral and peripheral membrane proteins can be distinguished by washing membrane fractions with 
chaotropic agents, which remove peripheral membrane proteins, but leave integral membrane proteins 
embedded in the membrane. A urea wash of thylakoid fractions removed OsD27-c-myc, but not the 
integral thylakoid protein LHCB1, indicating that OsD27-c-myc is a peripheral thylakoid protein 
(Figure 3-4B).  
Intrinsically disordered protein regions are often involved in protein-protein interactions 375,376. Since 
protein-protein interactions can mediate the localisation of peripheral membrane proteins to the 
membrane, the role of the disordered region in OsD27 thylakoid localisation was tested. OsD27 with 
a truncation of its disordered region (OsD2741-73-c-myc) expressed at similar levels to full-length 
OsD27-c-myc, however, it was poorly recovered in stromal, thylakoid and envelop fractions. It is 
possible that OsD2741-73-c-myc aggregated and sedimented during ultracentrifugation, potentially 
due to poor cleavage of the plastid transit peptide due to modification adjacent to the putative cleavage 
site. Nevertheless, a faint band in the thylakoid fraction demonstrated that the disordered region was 
not absolutely required for thylakoid association (Figure 3-4A).  
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Figure 3-4. OsD27-c-myc localised to the thylakoid and stroma of N. benthamiana chloroplasts. (A) Full-length OsD27-
c-myc and OsD27-c-myc with an amino-terminal truncation of the predicted disordered region (OsD27Δ41-73-c-myc) 
loaded after 10 or 60 minutes of boiling in SDS sample buffer. RBCL and LHCB1 are markers of the stroma and thylakoid, 
respectively. N. benthamiana infiltrated with agrobacterium harbouring a GFP plasmid served as a negative control. (B) 
A urea wash of the thylakoid membrane fraction caused dissociation of OsD27-c-myc but not the integral thylakoid 
control, LHCB1. Expected molecular weights after cleavage of predicted transit peptides, where relevant, are: OsD27-
c-myc 27.8 kDa, OsD27Δ41-73-c-myc 24.4 kDa, RBCL 53.0 kDa, and LHCB1 24.7 kDa. 
3.4.3 D27 kinetics 
Enzyme kinetics provide insight into how enzymes work, enabling predictions of how enzymes 
behave in living systems to control metabolism. While the kinetics of OsD27 have been studied in 
the reverse direction (that is, conversion of 9-cis--carotene to all-trans-β-carotene), the kinetics of 
the physiological forward reaction – the conversion of all-trans-β-carotene to 9-cis-β-carotene – have 
never been studied. Here, enzyme kinetics were investigated in both directions, using -carotene 
substrates in Triton X-100 micelles. While detergent micelles provide a method to investigate OsD27 
activity in vitro, the non-ionic surfactant bears little resemblance to the thylakoid galactolipids, and 
therefore activity of OsD27 is not expected to replicate the in vivo behaviour.   
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Figure 3-5. HPLC analysis of OsD27 constructs in vitro and in vivo.  (A) The in vivo assay measures conversion of all-
trans-β-carotene (I) to 9-cis-β-carotene (II) in β-carotene-producing E. coli, whereas the reverse reaction was measured 
in vitro. (B) HPLC analysis of the activity of MBP fusions of OsD27 in vivo. Chromatograms are representative of three 
independent replicates.  Peak I at 23.3 min is all-trans-β-carotene and peak II at 24.5 min is 9-cis-β-carotene. Additional 
peaks with absorbance at 450 nm were also detected (III and IV), and may be other -carotene isomers. Inserts show 
spectra of major peaks. (C) Quantification of three replicates of in vivo assays analysed by HPLC. Expression of MBP-
OsD27 fusions influenced percent of β-carotene in the 9-cis conformation (p<0.0001, one-way ANOVA). Different letters 
indicate samples are significantly different (p<0.05, Tukey’s multiple comparison test). (D)  Incubation of purified MBP-
OsD27∆disorder with 9-cis-β-carotene in vitro resulted in production of all-trans-β-carotene. 
 
OsD27 enzyme activity was initially tested using HPLC to monitor reaction products (Figure 3-5A). 
The OsD27 construct that was first used to demonstrate its activity was received as a gift from the 
authors 165, and used as a positive control. Unexpectedly, upon sequencing, this construct was found 
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to have a 21-amino acid truncation; it is therefore denoted MBP-OsD27Δ55-75. In the control β-
carotene-producing strain, EcAM5-βC1, 4.2 ± 0.3% (mean ± standard deviation) of the β-carotene 
was in the 9-cis conformation, likely due to light-catalysed conversion from all-trans-β-carotene 
(Figure 3-5B, C). Expression of MBP-OsD27Δ55-75 was associated with an increased fraction of β-
carotene in the 9-cis conformation to 19.0 ± 3.3% (Figure 3-5B, C).  
Since the observed truncation was in the disordered region, it raised the hypothesis that the disordered 
region may not be required for enzyme activity. Therefore, two additional constructs were tested: an 
MBP fusion of the predicted full-length mature protein (lacking the transit peptide), denoted MBP-
OsD27ΔTP, and an MBP fusion of OsD27 lacking both the transit peptide and the disordered region, 
denoted MBP-OsD27Δdisorder. Both constructs showed activity in the in vivo assay, with 
approximately one quarter of the β-carotene in the 9-cis conformation (Figure 3-5B, C). Thus, 
truncation of the disordered region was not associated with loss of activity in this assay (p=0.9672), 
whereas the MBP-OsD27Δ55-75 truncation resulted in a slightly lower proportion of 9-cis-β-carotene 
(p<0.05, Tukey’s multiple comparison test) (Figure 3-5B, C).  
The activity of purified MBP-OsD27disorder was also validated in vitro by incubating with 9-cis-
-carotene, resulting in partial conversion of 9-cis--carotene to all-trans-β-carotene (Figure 3-5D). 
Additional peaks with absorbance at 450 nm were detected at 20.7 min (III) and 26.1 min (IV) in both 
in vitro and in vivo assays. Their absorbance spectra were similar to all-trans- and 9-cis--carotene 
(Figure 3-5B), indicating that they may be other -carotene isomers. The formation of additional 
products was also noted in previous studies 302. 
Kinetic analysis was further investigated using MBP-OsD27Δdisorder. One challenge with 
measuring OsD27 enzyme kinetics is that HPLC is relatively time-consuming and expensive, 
especially for large numbers of samples required for kinetic analysis. To overcome these limitations, 
simpler methods to distinguish 9-cis and all-trans--carotene were explored. Two methods were 
tested: Fourier-transform infrared spectroscopy (FTIR), and UV-visible absorbance spectroscopy.  
FTIR is commonly used to distinguish cis and trans isomers of alkenes, and has been used previously 
to study β-carotene isomers 377. However, large amounts of -carotene in powdered form were 
required to see sufficient signal on the attenuated total reflectance FTIR spectrometers that were 
available for use (data not shown). This technical limitation made FTIR impracticable for enzyme 
assays.  
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9-cis- and all-trans--carotene have similar UV-visible absorbance spectra; however, all-trans--
carotene has absorbance maxima at 452 nm and 479 nm, whereas in 9-cis--carotene, these are shifted 
to lower wavelengths at 447 nm and 474 nm, respectively (Figure 3-6A). To measure the relative 
intensities at these wavelengths, a metric, denoted RCiso, was developed: 
Equation 1 
𝑅𝐶𝑖𝑠𝑜 =
𝐴452 𝑛𝑚
𝐴452 𝑛𝑚 + 𝐴447 𝑛𝑚
+
𝐴479 𝑛𝑚
𝐴479 𝑛𝑚 + 𝐴474 𝑛𝑚
 
 A standard curve of different ratios of 9-cis--carotene and all-trans--carotene exhibited a tight 
linear relationship between RCiso and the molar percentage of the all-trans--carotene fraction, with 
100% 9-cis--carotene giving RCiso = 0.977 and 100% all-trans--carotene giving RCiso = 1.016 
(Figure 3-6B). 
 
Figure 3-6. OsD27 kinetics measured by a novel spectrophotometric assay. (A) Derivation of the RβCiso metric (Equation 
1). Absorbance spectra of all-trans-β-carotene and 9-cis-β-carotene standards show wavelength shift of absorbance 
peaks. a: 447 nm, b: 452 nm, c: 474 nm, d: 479 nm. (B) The spectrophotometric assay can detect changes in the β-
carotene isomer composition of samples. Standard mixes of all-trans-β-carotene and 9-cis-β-carotene (open circles) have 
a tight linear relationship with the spectral metric RβCiso. Samples from in vivo E. coli assays (red) deviate from this 
relationship, likely due to the production of additional β-carotene isomers; however, extracts from EcAM5-βC1 cells 
harbouring pMBP-OsD27∆disorder (open triangles) can be distinguished from the control EcAM5-βC1 extracts (closed 
triangles). (C) Example reaction monitoring using spectrophotometry. RCiso increased over time as a result of conversion 
from 9-cis--carotene to all-trans--carotene. Fit to linear portion is shown in green. (D) Kinetics of OsD27∆disorder 
using all-trans-β-carotene and 9-cis-β-carotene as a substrate.  
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Over the short time courses (50-180 sec) used to measure initial velocity of enzyme kinetics, RCiso 
changed as a function of time, allowing the reaction progression to be tracked (Figure 3-6C) . To test 
the correlation between RCiso and fractions of all-trans- and 9-cis--carotene, a two-minute reaction 
incubation with all-trans--carotene was measured by both HPLC and spectrophotometry.  Compared 
to a buffer only control, incubation with MBP-OsD27disorder resulted in a decrease in the fraction 
of all-trans--carotene, with a corresponding increase in 9-cis-β-carotene. The change in the 
percentage of β-carotene in the all-trans conformation was −11.1  1.3% measured by HPLC, or 
−10.0  1.5% measured by spectrophotometry (mean ± standard deviation). The similarity of these 
values indicated that the spectrophotometric RCiso metric was suitable for assessing reaction kinetics.  
Using the spectrophotometric assay, MBP-OsD27disorder kinetics were investigated in the 
physiological forward (all-trans to 9-cis) and reverse (9-cis to all-trans) directions (Figure 3-6D). 
While 9-cis--carotene incorporated into Triton X-100 micelles reliably using the method described, 
it was observed that all-trans--carotene frequently failed to incorporate into micelles, and instead 
formed precipitates, recognisable by a deep orange-red colour that is characteristic of solid -
carotene, in contrast to the yellow colour in solution. Where β-carotene formed precipitates, no 
enzymatic activity was observed. All assays were performed using successful β-carotene detergent 
micelles.  
Substrate concentrations required for OsD27 half-maximal reaction velocity were similar for all-
trans--carotene and 9-cis--carotene with Km values of 3.3  1.2 M and 5.4  1.4 M, respectively. 
However, the rate of reaction was significantly faster in the reverse direction (Vmax = 46.7  5.4 nM/s) 
than the forward direction (Vmax = 9.7  1.3 nM/s). It is difficult to postulate why this may be in the 
absence of any structural information. Due to the inability to completely dissociate D27 aggregates 
(see section 3.4.4.2), it was uncertain what portion of D27 proteins actively participated in the 
enzymatic reaction; and therefore, kcat is not reported. 
3.4.4 Towards a three-dimensional structure of D27.  
Atomic resolution three-dimensional structures provide valuable insight into the protein structure-
function relationship. D27 structure could not be modelled due to the lack of reliable homology with 
sequences of known structure (see section 3.4.1.3). This prompted efforts to generate a crystal 
structure of D27.  
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TEV protease cleavage of the MBP-OsD27disorder fusion resulted in loss of the fusion protein, and 
emergence of a clear band corresponding to the molecular weight of MBP by SDS-PAGE. However, 
the expected OsD27disorder product was not clearly visible by SDS-PAGE. Because of this, 
attempts to recover OsD27 post-cleavage from MBP were unsuccessful. Maltose binding protein 
(MBP) has frequently been used as a crystallisation chaperone 378–380, and therefore, a crystallisation 
strategy in fusion to MBP was pursued. Protein flexibility, which can be conferred by protein disorder, 
as well as long flexible linkers, can impede crystal formation. Therefore an alternative fusion that 
eliminated the flexible linker was generated for crystallisation trials. The crystallisation fusion, 
denoted MBPH-D27disorder, employed a rigid helix-forming sequence, Asn-Ala-Ala-Ala combined 
with three amino acid substitutions at the amino terminus of MBP, to link MBP and OsD27disorder 
379. This linker sequence is the most common linker found in structures of MBP fusions in the Protein 
Databank 380.   
MBPH-D27disorder was active in the in vitro assays, and was successfully concentrated to 16 
mg/mL without formation of visible precipitates. However, no crystals were observed in any plates 
set up for crystallography trials. In attempts to generate D27 crystals, a three-pronged approach was 
pursued and is discussed in the sections below: 3.4.4.1 Further truncation of OsD27, 3.4.4.2 Variation 
of purification conditions, and 3.4.4.3 Investigation of D27 homologues.  
3.4.4.1 Further truncation of OsD27 
Protein crystallisation relies on conformational homogeneity for proteins to self-organise into a 
crystal lattice. Therefore, proteins containing disordered regions are less likely to form crystals, and 
where crystals do form, X-ray data are commonly lower resolution than what can be achieved for 
similar protein samples lacking the disordered regions 381. Protein truncation to remove disordered 
regions is a common approach to improve crystallisation, or X-ray data resolution 382–384, and 
selection of shortened domains can facilitate crystallization, where longer constructs have failed 
(reviewed in 381).  
A truncation strategy was applied to OsD27 to determine a shortened active domain appropriate for 
crystallisation studies: OsD27 was truncated in increments at its amino and carboxy termini, and 
activity was tested in vivo. To facilitate screening, production of 9-cis--carotene in E. coli was 
monitored spectrophotometrically. Extracts from control -carotene-producing E. coli had a high 
RCiso similar to that expected for all-trans--carotene, whereas cells expressing MBP-
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OsD27disorder had reduced RCiso consistent with partial conversion to 9-cis--carotene (Figure 
3-6B). While RCiso did not correlate exactly with the fraction of all-trans--carotene – likely due to 
the production of other -carotene isomers III and IV – the assay provided a simple method to identify 
D27 activity, and was used for truncation screens. 
At the amino terminus, truncation of an additional 10 residues after the disordered region truncation 
(1-83 in total) resulted in an intermediate RCiso, whereas further truncations (1-93, and 1-103) 
were indistinguishable from the background strain, or cells expressing MBP alone (Figure 3-7A). 
Since there was a conserved aspartic acid in position 82 (Figure 3-2), it was hypothesised that this 
amino acid may be required for full activity. In line with this hypothesis, MBP-OsD271-81 exhibited 
wild-type-like activity (Figure 3-7). 
Carboxy-terminus truncations were based on MBP-D27disorder. Truncation of nine amino acids 
from the carboxy terminus (270-278) had wild-type-like activity, whereas longer truncations, 250-
278 and 240-278 had intermediate and undetectable activity, respectively (Figure 3-7). Sequence 
conservation was again used to predict a shorter truncation; truncation after a highly conserved 
cysteine at position 266 (267-278) exhibited wild-type-like activity.  
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Figure 3-7. Activity of OsD27 truncation variants. (A) In vivo spectrophotometric assay of OsD27 truncations and 
controls. β-carotene-producing E. coli were transformed with MBP fusions of wild-type OsD27 (TP), OsD27 
truncations, MBP-only control or untransformed control (-). Extracts were analysed spectrophotometrically. Bars that 
do not share a letter were significantly different (Tukey’s multiple comparison test, p<0.05). (B) HPLC analysis of the in 
vitro conversion of 9-cis-β-carotene (II) to all-trans-β-carotene (I) by select truncations of MBP-OsD27.  
 
The truncations with intermediate activity were further investigated in vitro using purified protein in 
an HPLC assay. Incubation of 9-cis--carotene with purified MBP-OsD271-83 and MBP-
OsD27250-278 resulted in an all-trans--carotene peak that was much smaller than the control 
(MBPH-OsD27disorder), whereas a truncation that showed no activity using the in vivo 
spectrophotometric assay had no detectable all-trans--carotene peak in vitro (Figure 3-7B). These 
results qualitatively agree with the in vivo spectrophotometric assay: MBP-OsD271-83 and MBP-
OsD27250-278 exhibited some activity, but not at wild-type levels. In summary, residues 1-81 and 
265-278 were considered non-essential for wild-type-like activity.  
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3.4.4.2 Variation of purification conditions 
In parallel to truncation studies, various purification conditions were examined using MBPH-
D27disorder as a test case. Purified MBPH-OsD27disorder was enzymatically active, and could be 
concentrated without forming visible precipitates; however, analysis by size exclusion 
chromatography showed most of the protein came out in the void volume (Figure 3-8A), indicating 
that it formed soluble aggregates. MBP-OsD27TP similarly eluted in the void volume (Figure 
3-8A). To investigate this further, MBPH-D27disorder size distribution was analysed by dynamic 
light scattering. Aggregates had a wide size distribution with a hydrodynamic radius ranging from 
approximately 10 – 150 nm (Figure 3-8B).  The exclusion limit of the size exclusion column (1300 
kDa) corresponds to a hydrodynamic radius of greater than approximately 13 nm 385; therefore, the 
aggregate sizes determined by dynamic light scattering were consistent with the finding that most 
MBPH-OsD27disorder eluted in the void volume. 
The possibility that surface hydrophobicity mediated the observed aggregation was addressed by 
testing purification in the presence of detergents, which can solubilise membrane proteins. Surface 
hydrophobicity may be expected since the OsD27 substrate, -carotene, is reported to be embedded 
within thylakoid membranes in chloroplasts 177, and a surface hydrophobic patch could potentially 
mediate the observation that OsD27 associated with thylakoid membranes as a peripheral membrane 
protein (see section 3.4.2).  
Several surfactants were tested in attempt to produce monomeric MBPH-D27disorder: 0.002% 
TWEEN 20, 0.005% Triton X-100, 0.1% octyl glucopyranoside, 0.1% octyl galactopyranoside, and 
the surfactant peptide, DAMP4 326. While several detergent conditions partially reduced aggregation, 
as indicated by a peak broadening and increased A280 at higher retention times by size exclusion 
chromatography (Figure 3-8C), the major elution peak for all conditions was in the void volume, 
indicating that the majority of protein formed soluble aggregates under all conditions (Figure 3-8C).  
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Figure 3-8. OsD27 forms soluble aggregates in vivo. (A) Size exclusion chromatography traces show various OsD27 
fusions elute primarily in the void volume. The grey bar shows the retention times in which D27 elutes; the peak at 32 
minutes corresponded to truncated protein corresponding to the size of MBP. (B) Histogram showing distribution of 
MBPH-OsD27disorder aggregates by dynamic light scattering. The dotted line indicates 13 nm radius, equivalent to the 
exclusion limit of the size exclusion column. (C) Size exclusion chromatography traces of MBPH-OsD27disorder purified 
under different conditions.  
 
MBPH-D27disorder was also purified from cells producing -carotene. Purified fractions were 
orange in colour, suggesting that -carotene co-purified with MBPH-D27disorder. The presence of 
-carotene broadened the size exclusion chromatography elution peak similarly to detergents (Figure 
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3-8C). It is possible that the substrate-bound conformation of OsD27 may have reduced surface 
hydrophobicity, or an overall conformation that is less susceptible to high-order aggregation, resulting 
the observed partial dissolution of the aggregates.   
Further to testing purification conditions, an additional construct was generated with MBP fusions at 
both the amino and carboxyl termini of OsD27disorder, denoted MBPH-OsD27disorder-MBP. 
This construct was designed in attempt to sterically block interactions causing OsD27 aggregation, 
but was not successful; the fusion exhibited aggregation similar to MBPH-OsD27disorder (Figure 
3-8A). 
From these results, it was unclear whether aggregation was mediated by surface hydrophobicity, or 
exposed hydrophobicity due to partial unfolding. Nevertheless, since the aggregates were likely to 
preclude crystal formation, crystallisation trials using MBHH-D27disorder were suspended. An 
alternate approach was pursued to identify a homologue of OsD27 with improved crystallisation 
propensity. 
3.4.4.3 Investigation of OsD27 homologues 
The soluble expression and crystallisation propensities of a protein are influenced by physicochemical 
properties including disorder, hydrophobicity, hydrophilicity and secondary structure, which can be 
predicted to some extent from primary sequence data 368. To improve probability of successful 
crystallisation, homologues of OsD27 with improved predicted expression and crystallisation 
properties were identified.  
The online algorithms Crysalis, ccSol, SPpred and XtalPred were used to predict expression and 
crystallisation propensity of 365 homologues of OsD27, each N-terminally truncated to remove any 
disordered region. Three predictive values were used for each expression (Crysalis expression 
predictor, ccSol , and Sppred ) and crystalisation (Crysalis crystalisation predictor,  XtalPred EP, and 
XtalPred RF), and values were normalised to a mean of zero, and a standard deviation of one, with 
higher values indicative of higher predicted probability of success. These algorithms were developed 
using a range of training sets and different prediction methods (machine learning approaches or 
sequence-derived physicochemical property prediction). Perhaps because of this, there was poor 
correlation between different prediction algorithms, with significant positive correlation only between 
XtalPred EP and XtalPred RF for crystalisation (Spearman r = 0.183, p = 0.0004), and between 
Crysalis expression and SPpred for expression prediction (Spearman r = 0.118, p = 0.024).  
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Table 3-3. Expression and crystalisation predictors for OsD27 homologues selected for follow-up study, as well as OsD27 
with and without the disordered region.  
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D27h1disorder 
(D27L2 clade) 
Guillardia theta 
CCMP2712  
XP_005819831.1 Δ1-14 
6.87 -0.15 2.08 1.21  0.15 1.17 2.42 -0.19 
D27h2disorder 
(D27L2 clade) 
Dunaliella bardawil 9-
cis-βC-ISO11 Δ1-78 
5.89 1.89 2.84 1.35  1.96 -1.31 -0.84 -0.19 
D27h3disorder 
(D27L1 clade) 
Ziziphus jujube  
XP_015896339.1  Δ1-42 
5.77 1.90 -0.66 1.35  1.21 1.17 0.79 -0.34 
D27h4disorder 
(D27L2 clade) 
Capsicum annuum  
XP_016577336.1 Δ1-50 
5.36 0.83 0.44 1.30  0.85 -0.07 2.01 -0.10 
D27h5disorder 
(D27 clade) 
A. officinalis 
XP_020242076.1 Δ1-59 
3.35 -0.06 0.75 0.79  -0.09 1.17 0.79 -0.29 
PeD27AΔdisorder 
(D27 clade) 
Populus euphratica 
XP_011026332.1 Δ1-62 
0.61 0.14 -0.31 0.97  -0.90 -0.07 0.79 -0.49 
OsD27△disorder 
(D27 clade) 
O. sativa D27 
XP_015615253.1 Δ1-73 
-1.59 -1.29 0.46 
-
1.31 
 -1.42 1.17 0.79 -0.16 
OsD27△TP  
(D27 clade) 
O. sativa D27 
XP_015615253.1 Δ1-40 
-4.31 -0.84  0.76  -0.84 -2.56 -0.84 -0.17 
1Deposition name in the Dunaliella salina proteome bank at the Weizmann Institute of Science 
2To facilitate comparison between different prediction algorithms, results for the dataset of 365 homologues of 
OsD27 were standardised to a mean of zero and standard deviation of one with more positive values 
indicating a prediction of better expression or crystallisation. 
 
 
Five proteins were chosen for follow-up studies, denoted D27h1disorder -D27h5disorder, as 
summarised in Table 3-3. D27h1disorder-D27h4disorder were chosen based solely on their 
performance across the six predictors; however, these protein clustered into D27L1 or D27L2 clades 
(Figure 3-3), suggesting they may not have D27 activity in vivo. In contrast, D27h5disorder 
(XP_020242076.1) was selected as it was the best-performing homologue in the D27 clade. All 
proteins selected for follow-up studies were predicted to perform vastly better than OsD27disorder 
and OsD27TP (Table 3-3).  
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Figure 3-9. Characterisation of OsD27 homologues. (A) In vivo spectrophotometric assay of OsD27 homologues 
D27h1disorder-D27h5disorder fused to NusA, MBP or Trx. β-carotene-producing E. coli transformed with MBPH-
OsD27disorder was used as a positive control, while untransformed cells served as a negative control. (B) Size exclusion 
chromatography of MBPH-D27h5disorder showed a new peak at 27 min, consistent with a monomer or low-molecular 
weight oligomer (peak 2). SDS-PAGE analysis indicated that peak 2 was MBPH-D27h5disorder. Peak 3 corresponds to 
truncation products. (C) Sequence-aligned Kyte-Doolittle plot of OsD27disorder, D27h3disorder, D27h5disorder, 
and PeD27Δdisorder with window size of 9 amino acids. Numbering is shown below for each homologue. (D) Size 
exclusion chromatography of MBPH-D27h3 showed a major peak at 27 min, which corresponded to the expected size of 
MBP-D27h3disorder by SDS-PAGE. 
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Each of the five selected OsD27 homologues, lacking their disordered region, were cloned as fusions 
with NusA, MBP, or Trx; expressed in -carotene-producing E. coli; and screened for conversion of 
all-trans--carotene to 9-cis--carotene. To facilitate screening, homologues were expressed in β-
carotene-producing E. coli, and the spectrophotometric method was used to assess conversion to 9-
cis-β-carotene. Each fusion of D27h5disorder had a lower RCiso value, similar to the positive 
control, pMALc4x-OsD27disorder, indicative of in vivo conversion to 9-cis--carotene (Figure 
3-9A). In contrast, homologues D27h1disorder-D27h4disorder showed no detectable -carotene 
isomerase activity by this assay.   
A version of D27h5disorder fused to MBP via the helix-forming crystallisation linker was 
constructed, and its aggregation state assessed by size exclusion chromatography. The purified 
MBPH-D27h5disorder eluted primarily in the void volume of the size exclusion chromatography 
column, indicating that this homologue likewise aggregated (Figure 3-9B). A small peak with a 
retention time of 27 min appeared to be monomeric MBPH-D27h5disorder (or a low-order oligomer) 
based on SDS-PAGE; however, this could not be purified in sufficient quantities for crystallisation 
trials. 
While solving the structure of a functional D27 would best facilitate structure-function studies, in the 
absence of successful crystallisation of a functional homologue, a homology model generated from 
any close homologue would still be valuable. Therefore, the requirement for activity was relaxed, and 
an alternate approach to selecting homologues was pursued. Based on the earlier hypothesis that 
surface hydrophobicity may mediate aggregation, OsD27disorder and D27h1disorder-
D27h5disorder were assessed by their grand average of hydropathy (GRAVY) scores. Of these 
homologues, D27h3disorder, a D27L1 protein from Ziziphus jujube, had lowest hydropathy 
(GRAVY = −0.34, Table 3-3). A sequence-aligned Kyte-Doolittle plot showed hydropathy changed 
across residues 110-155, with reduced hydropathy from residues 110-133 and  143-155, and increased 
hydropathy from 134-142 (OsD27 numbering, Figure 3-9C).  An MBP fusion of D27h3disorder 
eluted primarily at 27 min, with only a minor elution peak in the void volume, indicating that it was 
primarily monomeric (or a small molecular weight oligomer) (Figure 3-9D). D27h5disorder, which 
had a small elution peak at 27 min, also had reduced hydropathy across residues 110-129 (OsD27 
numbering corresponding to residues 92-111 of D27h5). This is consistent with aggregation being 
mediated by surface hydrophobicity. Crystallisation trials with various D27h3 constructs are ongoing.  
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A broader examination of additional D27 homologues (lacking disordered regions) revealed a very 
low GRAVY score for a homologue from Populus euphratica in the D27 clade, denoted here 
PeD27AΔdisorder.  P. euphratica has two D27 homologues in the D27 clade, so it is unclear whether 
PeD27AΔdisorder is a functional orthologue. Nevertheless, both D27h3Δdisorder and 
PeD27AΔdisorder are promising candidates for future structural studies.  
 
3.5 Discussion 
This study demonstrated for the first time that OsD27 partitions between thylakoid and stromal 
fractions of chloroplasts, and interacts with thylakoid membranes as a peripheral membrane protein. 
This is consistent with an enzyme that must access membranes to access its hydrophobic substrate, 
but has significant surface hydrophilicity.   
Several possible mechanisms may govern the localisation of OsD27 to the thylakoid or stroma, and 
understanding which of these are important for OsD27 localisation should be the focus of future work. 
Peripheral membrane proteins can interact with biological membranes through protein-protein 
interactions 386, electrostatic interactions, hydrophobic interactions, or post-translational modification 
373. It is possible that OsD27 binds other thylakoid proteins resulting in membrane association. 
However, the disordered region of OsD27 was not essential for membrane association, indicating that 
potential protein-protein interactions mediated through the disordered region did not determine 
localisation. Long-range, nonspecific electrostatic interactions can attract cationic proteins to 
negatively charged membrane surfaces; however, since OsD27 (pI = 6.02), is anionic in the neutral 
or basic stroma 387, there are unlikely to be such direct electrostatic interactions between OsD27 and 
thylakoids.  
Peripheral membrane proteins can be tethered to the membrane through partitioning of hydrophobic 
regions into the non-polar tails of the bilayer.  Such hydrophobic regions can include hydrophobic or 
amphipathic helices, or other exposed hydrophobic patches. Carotenoid cleavage dioxygenases, 
which act on hydrophobic lipid-embedded carotenoids, have a surface hydrophobic patch adjacent to 
a hydrophobic channel leading to the active site 388. In the case of VP14 – a maize CCD that, like 
OsD27, is found in both thylakoid-associated and soluble forms – an amphipathic helix plays an 
important role in thylakoid targeting 389. In silico analysis did not locate an amphipathic helix in 
OsD27; however, there are several hydrophobic regions within the primary sequence. The finding 
90 
 
that OsD27 formed functional soluble aggregates, whereas a homologue with reduced hydrophobicity 
was primarily monomeric (or a low-order oligomer), was consistent with surface hydrophobicity in 
OsD27. Solving the structure of D27 or a homologue that permits adequate homology modelling will 
likely clarify in what way hydrophobic interactions may mediate OsD27 targeting to thylakoid 
membranes. 
Finally, post-translational modification may contribute to OsD27 thylakoid localisation. Prediction 
algorithms consistently reported prediction of S-acylation, albeit at different sites, and reversible S-
acylation has previously been reported to regulate membrane association of soluble proteins 390. As 
such, investigating S-acylation of OsD27 using chemical labelling and targeted proteomics 391 will 
be the subject of future work.  
Harrison et al hypothesised that high affinity to 9-cis--carotene resulted in product inhibition, and 
that this could account for their observed failure to convert all-trans--carotene to 9-cis--carotene 
in vitro 302. The similar Km values of all-trans--carotene and 9-cis--carotene determined here 
indicate that this was unlikely to be the case. Instead, it is possible that poor conversion in the all-
trans to 9-cis direction in vitro may have been due to challenges getting all-trans--carotene into 
solution in the aqueous reaction buffer, as observed here. While this is the first time OsD27 kinetics 
has been measured in the physiological forward direction, Harrison et al previously examined OsD27 
kinetics using 9-cis-β-carotene as the substrate 302. The Km for 9-cis-β-carotene determined here was 
approximately twenty times higher than that reported previously (5.4 µM compared to 0.26 µM 302). 
Since only a single substrate concentration and reaction duration (20 µM 9-cis-β-carotene, 10 min 
reaction) were reported by Harrison et al, it is unclear how kinetic constants were arrived at, and 
therefore difficult to assess why the apparent Km values differed. However, since kinetics in this study 
were measured using a construct lacking the disordered region, it is also possible that the disordered 
region may increase the affinity of OsD27 towards 9-cis--carotene.  
The role of the disordered region in OsD27 remains unclear. Disordered regions are commonly 
involved in protein-protein interactions including complex interaction networks and signalling events 
392. The disordered region was not required for OsD27 localisation to thylakoid membranes, nor for 
enzymatic activity. That OsD27 is involved in complex interaction networks is an intriguing idea. 
Previous studies in d27 mutant Arabidopsis and rice found that mutant plants had similar 9-cis/all-
trans--carotene ratios to wild-type plants, suggesting light-dependent catalysis was sufficient to 
produce 9-cis--carotene 97,309. Since d27 mutant plants display a SL-deficient branching phenotype, 
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these findings suggest that D27 may play a regulatory role in addition to simple enzymatic conversion. 
It is possible that the disordered region is involved in mediating such a regulatory role.  
Determining the three-dimensional structure of OsD27 would provide insight into its biological 
activity – in terms of both its catalytic mechanism, and possibly even its interaction with biological 
membranes – thereby shedding light on a pathway with important implications in plant growth and 
development. Furthermore, a three-dimensional structure would provide a template for rational 
engineering, paving the way to improved catalytic activity, which could support the biotechnological 
production of SLs, or production of 9-cis--carotene as a direct target for nutritional uses. From a 
protein structure perspective, D27-like proteins are a significant class of proteins with no known 
structural information, and a representative D27-like structure is therefore likely to have broader 
implications beyond SL biosynthesis. For these reasons, significant effort was dedicated towards 
crystallisation of OsD27 or a homologue thereof.   
Of five D27 homologues investigated, only D27h5Δdisorder, a D27-clade protein from Asparagus 
officinalis, exhibited -carotene isomerisation activity, indicating that this activity was not conserved 
across D27L1 and D27L2 clades. The roles of D27L1 and D27L2 proteins remain unclear.  
OsD27 formed soluble aggregates that could be partially, but not completely, dispersed by the 
addition of detergents. This suggested that aggregation was at least in part due to hydrophobic 
interactions. Since preparations of OsD27 were enzymatically active, it appeared that some, if not all, 
of the aggregated OsD27 was in a properly folded active conformation. While protein aggregation is 
often associated with misfolding and inactivation, there is growing evidence that some aggregates 
contain active protein. Protein expression in E. coli often results in deposition of the protein into 
inclusion bodies. Over recent years, it has become clear that while classical inclusion bodies comprise 
mostly misfolded protein in a β-sheet structure, non-classical inclusion bodies contain large amounts 
of properly folded active protein, held in a mesh of unfolded or misfolded protein 393,394. It is likely 
that similarly, significant amounts of D27 are in a folded conformation, but that small amounts of 
misfolded protein hold the aggregates together. In this model, any surface hydrophobicity of native 
D27 might be expected to interact with hydrophobic patches of misfolded protein, and thereby 
encourage aggregation. In line with this, a low-hydrophobicity D27 homologue D27h3Δdisorder, a 
D27L1 protein from Z. jujuba, had greatly reduced aggregation propensity. Since D27h3Δdisorder 
was initially investigated for its strong performance in crystallisation prediction algorithms, this 
homologue could be an excellent candidate for ongoing crystallisation trials.  
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Chapter Four: Engineering strigolactone production in Escherichia coli 
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4.1 Abstract 
Host selection is an important consideration in metabolic engineering. Hosts must be genetically 
tractable, allow high precursor flux, and support heterologous expression of enzymes in the target 
pathway. Initial investigations into the production of strigolactone, a potential agrochemical, in 
Saccharomyces cerevisiae suggested it was a poor host for strigolactone biosynthesis. Here, 
Escherichia coli was investigated as an alternative strigolactone production host. Engineered 
carotenogenic E. coli served as a background strain for the introduction of three enzymes that catalyse 
the conversion of β-carotene to the SL precursor, carlactone: rice (Oryza sativa) OsD27TP, pea 
(Pisum sativum) PsCCD7, and PsCCD8. To improve production, enzyme fusion partners were 
screened combinatorially. A strain comprising thioredoxin fusions of OsD27TP and PsCCD7, and 
a maltose binding protein fusion of PsCCD8, produced 20-fold higher titres of carlactone than strains 
harbouring the enzymes without fusion partners. Increasing isoprenoid precursor supply using a 
heterologous lower mevalonate pathway supplemented with mevalonate as a substrate further 
increased carlactone titres. The engineered strain produced 221 ± 20 µg/L carlactone (mean ± 
standard deviation) in shake flask cultures after 72 h. This was approximately 5.7 × 104 times greater 
than production by S. cerevisiae. Preliminary attempts to further convert carlactone to an active 
strigolactone were unsuccessful. The carlactone-production strain will have applications as a valuable 
source of carlactone for research, and serve as a base strain for further SL engineering to meet industry 
requirements. 
 
4.2 Introduction 
Strigolactones (SLs) are promising agrochemicals with diverse applications. However, as discussed 
in Chapter One, their utilisation is currently limited by cost-effective, reliable production, and new 
sources of SLs are required to support their testing and potential deployment in agriculture. Metabolic 
engineering for microbial cell SL factories is an attractive strategy, as regio- and stereo-selective 
enzymes could overcome some of the current challenges associated with their chemical synthesis.  
Choice of host can play a major role in the success of metabolic engineering. Ideal hosts are well 
characterised; have established genetic tools, high precursor flux, and good growth characteristics; 
and support functional expression of heterologous enzymes in the pathway of interest 395. E. coli and 
S. cerevisiae have served as host for a majority of metabolic engineering projects due to their fast 
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growth rates, well-characterised physiologies, and multitudes of genetic tools that simplify strain 
modification 395. In Chapter Two, S. cerevisiae was found to be a poorly suited host for SL production, 
likely due to issues relating to activity of first dedicated enzyme in the pathway, D27. In contrast, 
D27 had good in vivo activity in E. coli (Chapter Three and prior publications 165,308,309,320), indicating 
that E. coli may be a suitable host for SL biosynthesis.  
SLs belong to the isoprenoid class of metabolites, a class of secondary metabolites that includes many 
valuable compounds with commercial applications. Engineering of E. coli for isoprenoid productions 
has been investigated for diverse targets such as farnesene and limonene (biofuels and cosmetics 
ingredients), the pharmaceutical precursors amorphadiene and taxadiene, and carotenoids, which are 
produced for their antioxidant properties and colour 396. Isoprenoids can be produced through two 
pathways. E. coli naturally produces isoprenoids via the endogenous methylerythritol 4-phosphate 
(MEP) pathway, found in prokaryotes and plastids. Introducing a heterologous mevalonate (MVA) 
pathway, found natively in eukaryotes and some archaea, can improve production titres, likely by 
circumventing regulatory mechanisms that control the endogenous MEP pathway 397–400. The MEP 
pathway has also been successfully engineered to enable high-level production titres 262,401, and has a 
higher theoretical yield than the MVA pathway 262, although balanced use of both pathways has higher 
theoretical yield than either pathway alone 402.  
In plants, the pigment β-carotene is the precursor from which dedicated SL biosynthesis branches 
from other metabolic pathways. Due to the commercial uses of β-carotene in pharmaceuticals, 
neutraceuticals, cosmetics, feed additives, and food colourants, its production through E. coli 
metabolic engineering has been extensively studied. A carotenoid biosynthesis operon from the 
carotenogenic bacterium Pantoea agglomerans confers carotenoid production when introduced into 
E. coli. Chromosomal integration of the P. agglomerans crt operon, and modulation of promoter 
strengths for the crt operon, as well as select endogenous genes from the MEP pathway, TCA cycle 
and pentose phosphate pathway resulted in a yield of 2.1 g/L β-carotene in fed-batch culture 403. A 
very different approach using plasmids to introduce a heterologous MVA pathway, additional MEP 
pathway genes and the P. agglomerans crt operon resulted in a similar yield of 2.5 g/L β-carotene 404. 
A similar plasmid-based approach that introduced a heterologous geranyl pyrophosphate synthase in 
addition to MVA and MEP pathway genes produced 3.2 g/L in fed-batch culture 400.  
Conversion of β-carotene to SLs is catalysed by a β-carotene isomerase, D27, and two carotenoid 
cleavage dioxygenases, CCD7 and CCD8, producing the SL precursor carlactone (CL), followed by 
diversification reactions involving cytochromes P450 and oxidoreductases (see Chapter One). 
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Previous studies demonstrated the activity of CCD7 and CCD8, in E. coli lysates 165. However, CCD7 
and CCD8 have not been demonstrated to be active in vivo in E. coli, and the entire pathway to CL 
has never been reconstructed in a bacterial host. Here, the pathway for CL production was 
reconstructed and optimised in E. coli, and expression and activity of a SL diversification enzyme, 
Os900, was explored.  
 
4.3 Materials and Methods 
4.3.1 Plasmid and strain construction 
Strains used in Chapter Four are summarised in Table 4-1. Where required, chemically competent 
cells were produced using the rubidium chloride method 287, and transformed using heat shock. PCR, 
Gibson assembly, restriction digests and nucleic acid purifications were performed as described in 
Chapter Two. 
Table 4-1. Strains used in Chapter Four 
Strains engineered for β-carotene production 
Strain Base strain Plasmids Genes expressed Resistance 
EcAM5-C1 EcAM5 a, 324 pAC-BETA 325 Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY;  
Arabinose-inducible: S. cerevisiae ERG12, 
MVD1; E. coli Idi; Homo sapiens PMK 
Kan, Cm 
BL21-C2 BL21(DE3) pAC-BETA-amp* Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY;  
Amp 
BL21-C2-
mCherry 
BL21(DE3) pAC-BETA-amp* 
pTU2-b-RFP405 
Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY; Discoma sp. mCherry 
Cm, Amp 
EcAM5-C2-
mCherry 
EcAM5 324 pAC-BETA-amp* 
pTU2-b-RFP405 
Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY; Discoma sp. mCherry; 
Arabinose-inducible: S. cerevisiae ERG12, 
MVD1; E. coli Idi; Homo sapiens PMK 
Kan, Cm, 
Amp 
Strains engineered for CL production 
Strain Base strain Plasmids Genes expressed Resistance 
EcAM5-CL1 EcAM5 324 pAC-BETA 325 
pBAD-CL1* 
Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY;  
Arabinose-inducible: S. cerevisiae ERG12, 
MVD1; E. coli Idi; Homo sapiens PMK; O. 
sativa D27Δ1-40 (MBP fusion), P. sativum 
CCD7 (Trx fusion), P. sativum CCD8 (Trx 
fusion) 
Kan, Cm, 
Amp 
BL21-
EcoFlex58 
BL21(DE3) pAC-BETA-amp* 
pTU2-b-
EcoFlex58* 
Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY;  
Arabinose-inducible: O. sativa D27Δ1-40 
(Trx fusion), P. sativum CCD7 (Trx fusion), 
P. sativum CCD8 (MBP fusion) 
Cm, Amp 
EcAM5-
EcoFlex58 
EcAM5 324 pAC-BETA-amp* Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY;  
Kan, Cm, 
Amp 
96 
 
pTU2-b-
EcoFlex58* 
Arabinose-inducible: S. cerevisiae ERG12, 
MVD1; E. coli Idi; Homo sapiens PMK; O. 
sativa D27Δ1-40 (Trx fusion), P. sativum 
CCD7 (Trx fusion), P. sativum CCD8 (MBP 
fusion) 
Strain engineered for 4DO production 
Strain Base strain Plasmids Genes expressed Resistance 
EcAM5-4DO1 EcAM5 324 pAC-BETA 325 
pBAD-4DO1* 
Constitutive: P. agglomerans CrtE, CrtB, 
CrtI, CrtY;  
Arabinose-inducible: S. cerevisiae ERG12, 
MVD1; E. coli Idi; Homo sapiens PMK; O. 
sativa D27Δ1-40 (MBP fusion), P. sativum 
CCD7 (Trx fusion), P. sativum CCD8 (Trx 
fusion)  
IPTG-inducible: O. sativa Os900, A. 
thaliana ATR1 
Kan, Cm, 
Amp 
aEcAM5 324 was a gift from Jordi Perez (Centre for Research in Agricultural Genomics). It is a BL21(DE3) derivative 
containing a synthetic lower MVA operon that was originally described by Campos et al 406 
*plasmid was constructed in this study as described below 
Kan, Kanamycin, Cm, Chloramphenicol; Amp, Ampicillin. 
 
Plasmids pBAD/THIO-TOPO-PsCCD7 and pBAD/THIO-TOPO-PsCCD8 are described in Alder et 
al 165 and were a gift from Salim Al Babili. To generate pBAD-CL1 (GenBank accession MT270496), 
Trx-PsCCD8 was amplified from pBAD/THIO-TOPO-PsCCD8 using primer 165 + 225, Trx-
PsCCD7 was amplified from pBAD/THIO-TOPO-PsCCD7 using primers 226 + 227, and MBP-
OsD27TP (lacking its plastid transit peptide, residues 1-40) was amplified from pMBP-OsD27TP 
(described in Chapter Three) using primers 228 + 230 (Appendix 2). The amplicons were inserted 
between SacI and PmeI sites of the pBAD/THIO-TOPO-PsCCD7 backbone using Gibson assembly. 
Primers used for amplifications inserted additional ribosome binding sites (RBSs) at the 5′ end of 
each coding sequence.  
Construction of pBAD-4DO1 was done in several steps as illustrated in Figure 4-1. First, Os900 and 
Os1400 and flanking restriction sites were synthesised as codon optimised gene fragments, with a 
MAKKTSSKGKL N-terminal modification on Os1400407, denoted Os1400#6Opt (Integrated DNA 
Technologies, Appendix 1). The gene fragments were subcloned into pEasy Blunt (TransGenBio) as 
per the manufacturer’s protocol. Second, Os1400#6Opt was transferred into a pCW backbone by 
restriction-based cloning using NotI and NdeI sites of each pEasy-Os1400#6Opt and pCW-
MAX1#1Opt (a gift from Elizabeth Gillam, derived from the expression vector pCW, originally 
obtained from F. W. Dahlquist, University of Oregon, Eugene, OR, USA). Third, Os900 lacking its 
native N terminus was subsequently transferred into the place of Os1400, using NotI and PpuMI sites, 
resulting in pCW-Os900#6Opt containing the MAKKTSSKGKL modified N terminus.  
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Figure 4-1. Cloning strategy for p4DO1. 
Fourth,  pCW-Os900#6Opt /ATR1 was generated: Os900#6Opt was amplified from pCW-
Os900#6Opt using primers 454 + 455 and a codon-optimised nucleotide sequence of ATR1 
containing a ribosome-binding site at the 5’ end was synthesized by IDT (Appendix 1, Appendix 2). 
These were inserted between the NdeI and HindIII sites of the pCW backbone using Gibson assembly. 
Finally, pCW-Os900#6Opt /ATR1 was digested with BspHI and FspI and the fragment containing 
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the Os900#6Opt and ATR1 operon was inserted between BstZ17I and PciI sites of pBAD-CL1 to 
produce pBAD-4DO1 (GenBank accession MT270495). Plasmids were verified by sequencing.  
4.3.1.1 EcoFlex strains and plasmids 
The EcoFlex MoClo kit 405 was obtained from Addgene (Kit #1000000080). The CmR antibiotic 
resistance cassette of pAC-BETA 325 was switched out for the pBAD-CL1 AmpR resistance cassette 
(amplified using primers 437 + 438, Appendix 2) by amplifying the pAC-BETA backbone using 
primers 439 + 440 (Appendix 2), and assembling amplicons using Gibson cloning. The resulting 
plasmid was denoted pAC-BETA-amp. 
To construct additional level zero starting vectors, OsD27ΔTP, PsCCD7, PsCCD8, GlpF, maltose 
binding protein (MBP), thioredoxin (Trx), the araBAD promoter (ParaBAD), and a sequence containing 
the araBAD promoter and araC (denoted araC+ ParaBAD) were amplified as per Table 4-2 using primers 
containing flanking BsaI sites and Golden Gate fusion sites according to the EcoFlex standards. 
Amplified sequences were inserted between the NdeI and BamHI sites of pBP-ORF (OsD27ΔTP, 
PsCCD7, PsCCD7TP, PsCCD8, and PsCCD8TP) or the NdeI and SphI sites of pBP-lacZ (all other 
sequences) by Gibson assembly. Where sequences contained BsaI or BsmBI restriction sites, 
sequences were amplified in multiple segments, using codon-modified oligonucleotide primers, to 
produce fragments that re-assembled during the Gibson reaction (Table 4-2).  
Table 4-2. PCR amplifications for construction of additional level zero EcoFlex vectors 
Amplicon  Template Primers 
ParaBAD pBAD CL1 407, 408 
araC+ ParaBAD pBAD CL1 406, 408 
GlpF E. coli str. K-12 substr. MG1655 genomic DNA 413, 414 
MBP N-terminus  pBAD CL1 415, 418 
MBP C-terminus  pBAD CL1 416, 417 
Trx pBAD CL1 419, 420 
OsD27ΔTP N-terminus  pBAD CL1 421, 424 
OsD27ΔTP C-terminus pBAD CL1 422, 423 
PsCCD7 pBAD CL1 425, 427 
PsCCD8 N-terminus pBAD CL1 428, 432 
PsCCD8 C-terminus pBAD CL1 430, 431 
 
A total of 64 EcoFlex level two vectors were planned to support a combinatorial screen of each 
OsD27TP, PsCCD7 and PsCCD8, either without a fusion partner, or fused to each MBP, Trx, or 
GlpF. To this end, EcoFlex level one vectors containing each fusion combination were constructed 
as described in Table 4-3, following the method of Moore et al 405. Level zero and level one plasmids 
were verified by sequencing. 
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Table 4-3. Assembly of level 1 EcoFlex plasmids 
Plasmid 
name 
Destination 
plasmid 
Promoter 
plasmid 
RBS plasmid Fusion 
partner 
plasmid 
Biosynthesis 
gene 
plasmid 
Terminator 
plasmid 
pEF1 pTU1-A-lacZ pBP-araC+ 
ParaBAD 
pBP-pET-RBS NA pBP-ORF-
OsD27dTP 
pBP-L3S2P21 
pEF2 pTU1-A-lacZ pBP-araC+ 
ParaBAD 
pBP-
Tag_linker 
pBP-MBP pBP-ORF-
OsD27dTP 
pBP-L3S2P21 
pEF3 pTU1-A-lacZ pBP-araC+ 
ParaBAD 
pBP-
Tag_linker 
pBP-Trx pBP-ORF-
OsD27dTP 
pBP-L3S2P21 
pEF4 pTU1-A-lacZ pBP-araC+ 
ParaBAD 
pBP-
Tag_linker 
pBP-GlpF pBP-ORF-
OsD27dTP 
pBP-L3S2P21 
pEF6 pTU1-B-lacZ pBP-ParaBAD pBP-pET-RBS NA pBP-ORF- 
PsCCD7 
pBP-L3S2P21 
pEF7 pTU1-B-lacZ pBP-ParaBAD pBP-
Tag_linker 
pBP-MBP pBP-ORF- 
PsCCD7 
pBP-L3S2P21 
pEF8 pTU1-B-lacZ pBP-ParaBAD pBP-
Tag_linker 
pBP-Trx pBP-ORF- 
PsCCD7 
pBP-L3S2P21 
pEF9 pTU1-B-lacZ pBP-ParaBAD pBP-
Tag_linker 
pBP-GlpF pBP-ORF- 
PsCCD7 
pBP-L3S2P21 
pEF11 pTU1-C-lacZ pBP-ParaBAD pBP-pET-RBS NA pBP-ORF- 
PsCCD8 
pBP-L3S2P21 
pEF12 pTU1-C-lacZ pBP-ParaBAD pBP-
Tag_linker 
pBP-MBP pBP-ORF- 
PsCCD8 
pBP-L3S2P21 
pEF13 pTU1-C-lacZ pBP-ParaBAD pBP-
Tag_linker 
pBP-Trx pBP-ORF- 
PsCCD8 
pBP-L3S2P21 
pEF14 pTU1-C-lacZ pBP-ParaBAD pBP-
Tag_linker 
pBP-GlpF pBP-ORF- 
PsCCD8 
pBP-L3S2P21 
 
Next, the 64 level two vectors were constructed by assembling one of each pEF1-4, pEF6-10 and 
pEF11-14 level one vectors (see Table 4-3) into pTU2-b-RFP as per the method of Moore et al 405, 
with the exception that 200 units T4 DNA ligase was used. The construct containing Trx fusions of 
OsD27TP and PsCCD7 and an MBP fusion of PsCCD8 was denoted pTU2-b-EcoFlex58 (GenBank 
accession MT321298). Assembly reactions were transformed into chemically competent BL21(DE3) 
harbouring pAC-BETA-amp. pTU2-b-RFP was transformed into chemically competent BL21(DE3) 
harbouring pAC-BETA-amp as a negative control. Level two strains were selected based on loss of 
RFP fluorescence.  
Next, pTU2-b-EcoFlex58 was purified from the strain harbouring it, transformed into DH5α 
chemically competent cells, re-purified, then transformation into chemically competent EcAM5 
harbouring pAC-BETA-amp.  
4.3.2 E. coli culture for carlactone production  
E. coli EcAM5 or BL21(DE3) were transformed with a β-carotene-production plasmid (pAC-BETA 
or pAC-BETA-amp) and a CL- or SL-production plasmid (pBAD-CL1, pBAD-4DO1, or level two 
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EcoFlex plasmids) and grown overnight on Luria-Bertani (LB) agar with 34 g/mL chloramphenicol, 
100 g/mL ampicillin, and 50 g/mL kanamycin (EcAM5 background only). All subsequent 
culturing was in LB medium containing the abovementioned antibiotics. Single colonies were picked 
and grown overnight at 37 C, 200 rpm, then stored as glycerol stocks. For the EcoFlex screen, 
cultures were adapted for growth in 96-well plate format. All other experiments were performed in 
shake flasks (denoted ‘general method’).  
Glycerol stocks were used to inoculate 5 mL precultures (general method) or 200 µL precultures 
(EcoFlex screen), and grown overnight at 37 C, 200 rpm. Precultures were used to inoculate 
experimental cultures to a starting OD600 = 0.05, in 20 mL medium in 100 mL shake flasks (general 
method), or 500 µL medium in 96 square deep well plates (EcoFlex screen). Cultures were grown 
until 0.3< OD600<0.6 and protein expression was induced with 0.2% (w/v) arabinose and 1 mM IPTG 
(EcAM5-4DO1 only). A 1 mL (general method) or 200 µL (EcoFlex screen) dodecane organic 
overlay was applied at the time of induction. To test the effect of MVA supplementation, MVA was 
prepared from mevalonolactone as per the method of Campos et al, by incubating 1 M 
mevalonolactone with 1 M KOH at a 1:1.05 ratio at 37 °C for 30 min 406. MVA was added to the 
medium at a final concentration of 1 mM at the time of induction. Cultures were incubated at 20 C, 
200 rpm for 24 hours, or the indicated time.  To prepare for LC-MS/MS analysis, CL was extracted 
from the dodecane phase by liquid-liquid extraction into acetonitrile. Briefly, all medium and cells 
were separated from the dodecane overlay by centrifugation, then dodecane was vortexed for 1 min 
with an equal volume of acetonitrile. The phases were separated, and the acetonitrile phase was 
transferred into an analysis vial and stored at −30 °C until analysis. Growth rate measurements were 
as described in Chapter Two (section 2.3.2). 
4.3.3 LC-MS/MS analysis of carlactone 
2 µL of each extraction was analysed by LC-MS/MS on a Kinetex 1.7 µm C18 UPLC column (100Å, 
100 × 2.1 mm) with 45 °C oven temperature at 0.5 mL/min using a 12 minute gradient from 30% to 
100% acetonitrile in water, followed by 3 minutes at 100% acetonitrile (all mobile phase solutions 
contained 0.1% formic acid). For the EcoFlex screen, a shortened liquid chromatography method was 
used: samples were separated on a COSMOSIL 2.5C18-MS-II Packed Column, 2.0 mm I.D. x 50 mm 
using a 6 minute gradient from 30% to 100% acetonitrile in water, followed by 2 minutes at 100% 
acetonitrile (all mobile phase solutions contained 0.1% formic acid). 
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MS/MS spectra were recorded using multiple reaction monitoring on a QTRAP5500 (AB Sciex) triple 
quadrupole/linear ion trap mass spectrometer with electrospray source using the following settings: 
curtain gas: 20 psi; collision gas: high; ion spray voltage: 5500 V; ion source temperature: 500 °C; 
ion source gas 1: 25 psi; ion source gas 2: 25 psi.  Declustering potential, entrance potential, collision 
energy and collision cell exit potential were set to 80 V, 10 V, 20 V and 15 V, respectively. Synthetic 
[1-13CH3]-CL was a gift from Kohki Akiyama, and was synthesised as described previously 186. 
4.3.4 Spectrophotometric analysis of β-carotene content 
72 hours post-induction, 2 mL culture was pelleted and stored at –30 °C until analysis. Carotenoids 
were extracted by incubating in 1 mL acetone at 55 °C for 15 min at 700 rpm. Cell debris was pelleted 
and absorbance was measured at 452 nm. A standard curve of β-carotene in acetone was used for 
quantification.  
4.3.5 Carbon monoxide difference spectrum 
The method for measurement of P450 difference spectra was adapted from Johnston et al 408. 
BL21(DE3) were transformed with pCW-Os900#6Opt and a preculture was grown overnight at 37 
°C, 200 rpm in LB medium 100 µg/mL ampicillin supplemented with 0.2% glucose. The preculture 
was diluted 0.5 mL into 50 mL modified Terrific Broth (12 g/L bactotryptone, 24 g/L yeast extract, 
2 g/L bactopeptone, 1 mM NaCl, 4 mL/L glycerol, 0.017 M KH2PO4, 0.072 M K2HPO4, 1 mM 
thiamine, 25 µM FeCl3.6H2O, 2.4 µM ZnCl2.4H2O, 2.1 µM CoCl2.6H2O, 2.1 µM Na2MoO4.2H2O, 
1.7 µM CaCl2.2H2O, 1.9 µM CuCl2, 2.0 uM H3BO3) with 100 µg/mL ampicillin and grown at 25 °C, 
180 rpm. After 5 hours the cultures were supplemented with 500 µM δ-aminolevulinic acid and 
expression induced with 1mM IPTG, then cultured for a further 40 hours. 1 mL cells were harvested, 
washed in 500 µL 100 mM potassium phosphate pH 7.5, 1 mM EDTA, then resuspended in 250 µL 
of the same buffer. 200 µL of cell suspension was transferred to a microtitre plate and supplemented 
with 20 µL 50 mg/mL Na2S2O4 and reduced for 30 min. Spectra were measured before and after CO 
incubation.  
4.3.6 Statistical analyses 
All statistical analyses were performed in GraphPad Prism 8. Comparisons of two groups were 
analysed by Student’s t-test.  Multiple comparisons were assessed by one-way ANOVA, followed by 
Tukey’s multiple comparison test.   
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4.4 Results 
To investigate strigolactone production in E. coli, the metabolic pathway was conceptually divided 
into four modules: MVA, carotenoid, CL and cytochrome P450 modules (Figure 4-2). A plasmid-
borne -carotene production module, pAC-BETA 325 containing the P. agglomerans crt operon (CrtE, 
CrtB, CrtI, and CrtY) was selected as it has previously been shown to support a wide range of -
carotene production levels, dependent on upstream engineering 400. EcAM5-C1, which has a 
heterologous lower MVA pathway on the chromosome and harbours pAC-BETA, served as a starting 
strain for exploring the CL and cytochrome P450 modules. 
 
Figure 4-2. Metabolic pathway engineering for production of strigolactones in E. coli. Strigolactone biosynthesis was 
divided into four modules. A mevalonate (MVA) module was used to increase isoprenoid precursor flux. The carotenoid 
operon from Pantoea agglomerans was used to produce β-carotene. The carlactone (CL) module used rice D27, and P. 
sativum CCD7 and CCD8 enzymes, and was optimised using a combinatorial fusion partner screen. The cytochrome 
P450 module used the rice CYP711a Os900, one of the few enzymes to convert CL to an active SL in a single step. 
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4.4.1 Engineered E. coli produced carlactone  
CL production was initially tested using an MBP fusion of mature rice D27 (MBP-OsD27TP), 
which had in vivo activity in E. coli (see Chapter Three), and thioredoxin (Trx) fusions of Pisum 
sativum (pea) CCD7 and CCD8 (PsCCD7 and PsCCD8). The Trx-PsCCD7 and Trx-PsCCD8 fusions 
were selected as a previous study demonstrated their activity in crude E. coli lysates in vitro 165, which 
suggests that they are functional expressed in E. coli. A plasmid encoding these genes in an arabinose-
inducible operon was transformed into EcAM5-C1 to produce EcAM5-CL1. Compared to the 
control strain, extracts from a dodecane overlay of EcAM5-CL1 exhibited a new peak by mass 
spectrometry, identified as CL by its retention time and fragmentation pattern (Figure 4-3).  
 
Figure 4-3. Engineered E. coli produce carlactone but not 4-deoxyorobanchol. (A) Extracted ion chromatograms for 
carlactone, 4-deoxyorobanchol and carlactonoic acid transitions of standards and extracts from engineering E. coli. 
Transitions for each compound are as indicated, and retention times (min) are indicated above each peak.. (B) Carbon 
monoxide difference spectra of intact E. coli. Data show mean (solid and dashed lines) ± standard error (dotted lines) of 
three replicate cultures.  
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4.4.2 Os900 did not convert CL to CLA or 4DO in E. coli 
SL biosynthesis diverges downstream of CL, and the biosynthetic routes to most SLs are unknown. 
Os900 has previously been shown to convert CL into 4-deoxyorobanchol (4DO) via carlactonoic acid 
(CLA) in S. cerevisiae and N. benthamiana 179, making it one of the few characterised enzymes in SL 
diversification. Therefore, the Os900 pathway was chosen for a preliminary investigation of SL 
diversification. 
Introduction of Os900 and the reductase ATR1 into the CL-producing E. coli resulted in no new peaks 
corresponding to the retention times and fragmentation patterns of CLA or 4DO (Figure 4-3). 
Carlactone production was maintained in the strain harbouring Os900 and ATR1, indicating that the 
absence of CLA and 4DO peaks were not a result of impaired CL production due to introduction of 
these enzymes. On the contrary, the CL peak area was significantly higher in EcAM5-4DO1 than 
EcAM5-CL1 (p<0.001, Student’s t-test). 
To further investigate the expression and activity of Os900, a simplified BL21(DE3) strain harbouring 
the Os900 expression cassette with or without the chaperone plasmid pGro7, was analysed by carbon 
monoxide difference spectra. There was a small peak at approximately 417-419 nm in the control 
BL21 (DE3) cells, which is expected for endogenous E. coli proteins 409. In both BL21 (DE3) and 
BL21 (DE3) + pGro7 backgrounds, the difference spectra exhibited a peak at 420 nm but not 450 nm, 
indicating the presence of improperly folded inactive Os900.  
As extensive optimisation may be necessary for expression of active Os900 in E. coli, CL was chosen 
as a preliminary target product. CL is an important research reagent that is difficult to come by due 
to its challenging and expensive chemical synthesis and poor stability, and as the precursor to 
canonical and non-canonical strigolactones, CL is a central branching point for bioproduction of 
diverse strigolactones. Therefore, a CL biosynthesis strain would be a valuable research tool and serve 
as a chassis for engineering various downstream pathways. 
4.4.3 Solubility-enhancing fusion partners improved carlactone production 
Fusion partners can have a strong effect on protein expression level and solubility, and consequently 
on enzyme activity. Therefore, fusion partners for each of the three biosynthetic enzymes in the 
conversion of -carotene to CL were investigated. In addition to MBP and Trx used in the initial CL 
strain, the absence of a fusion tag, and fusion to GlpF, an E. coli inner membrane protein previously 
used for enzyme localisation in metabolic engineering 410, were tested. Using a modular cloning 
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approach, a combinatorial library was generated, comprising 64 strains of OsD27ΔTP, PsCCD7 and 
PsCCD8, each with one of four fusion variations (Figure 4-4). The library was constructed in BL21 
(DE3) harbouring a modified β-carotene plasmid with ampicillin resistance (pAC-BETA-amp).  
 
Figure 4-4. Fusion partners impact CL production.  (A) CL production in a combinatorial screen of MBP, Trx and GlpF 
fusion partners for OsD27TP, PsCCD7 and PsCCD8. Peak area is given for the 301  97 m/z transition. Black arrow 
indicates the best-performing strain, BL21-EcoFlex58. (B) Effect of fusion partners for each enzyme. Different letters 
represent a significant difference (Tukey’s multiple comparison test, p<0.05). Data presented in panels (A) and (B) are 
the same. (C) Growth of BL21-EcoFlex58 and a control strain BL21-C-mCherry as a function of time post-induction. 
Inset: growth during exponential phase. (D) Post-induction timecourse of CL production in BL21-EcoFlex58. All data 
represent mean  standard error. 
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The best-performing strain, denoted BL21-EcoFlex58, used Trx fusions of OsD27TP and PsCCD7, 
and an MBP fusion of PsCCD8 (Figure 4-4A). These fusion partner preferences reflected overall 
trends across the data. Strains containing Trx fusions of OsD27TP performed better than other 
OsD27TP fusions, when the identities of fusion partners to other enzymes were disregarded (Figure 
4-4B). Similarly, Trx fusions of CCD7, and MBP fusions of CCD8 trended better than other fusion 
options, although were only significantly better than GlpF fusion in each case (Figure 4-4B). 
Generally, strains containing enzymes without a fusion partner, or fused to GlpF, tended to produce 
less CL than fusion to Trx or MBP, demonstrating the importance of fusion partners. BL21-
EcoFlex58 had a CL peak area more than 20-fold higher than that for the strain containing no fusion 
partners.  
The post-induction growth rates of BL21-EcoFlex58 and the BL21-βC-mCherry control were similar, 
with specific growth rates (µ) of µ=0.255 ± 0.014 and µ = 0.301 ± 0.022 h-1 at 20 °C, respectively 
(mean ± standard error, p=0.08, Extra sum-of-squares F test). BL21-EcoFlex58 grew to a lower 
density of OD600 = 4.1 AU (absorbance units), compared to OD600 = 5.0 AU for the control, and 
stopped growing approximately 12 h earlier (Figure 4-4C). CL production increased over the course 
of the culture, with a maximum measured CL titre of 112 ± 22 µg/L (mean ± standard deviation) after 
48 hours (Figure 4-4D). 
4.4.4 A heterologous lower mevalonate pathway increased carlactone production 
To increase precursor supply through the isoprenoid pathway, the carotenoid and CL modules were 
transferred into EcAM5, a BL21 (DE3) strain containing an arabinose-inducible lower MVA pathway 
on the chromosome 324 (Figure 4-2). When grown without MVA supplementation, strains produced 
similar levels of CL as those on the BL21 (DE3) background (Figure 4-5A). Addition of 1 mM MVA 
to the medium at the time of induction resulted in a significant increase in CL production compared 
to the same strain without MVA at 48 and 72 h (p<0.01, Tukey’s multiple comparison test, Figure 
4-5). CL titres peaked after 72 h at 221 ± 20 µg/L (mean ± standard deviation). This was 
approximately a 50% increase over the titres of BL21-EcoFlex58, which produced 147 ± 17 µg/L 
(mean ± standard deviation) at 72 h. 
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Figure 4-5. Increased precursor supply enhances CL production in E. coli. (A) Timecourse post-induction of CL 
production in strains harbouring the β-carotene and EcoFlex58 plasmids in BL21 (DE3) or EcAM5 background. The 
EcAM5 background contains a lower MVA pathway on the chromosome, which increases isoprenoid precursor supply 
when supplemented with MVA. (B) β-carotene content in BL21 and EcAM5 strains harbouring the β-carotene plasmid 
and EcoFlex58 or control plasmid at 72 hours. P-values indicate results of Student’s t-tests. (C) Representative cell pellets 
used for extraction shown in panel (B). All data represent mean  SEM. 
Analysis of β-carotene content in BL21 cells showed no change upon mevalonate supplementation 
(Figure 4-5A, B). In contrast, EcAM5 cells harbouring a β-carotene plasmid and EcoFlex control 
plasmid saw a significant increase in β-carotene. In EcAM5-EcoFlex58, β-carotene levels were 
approximately 50-fold excess over CL levels, indicating that while elevated precursor supply could  
enhance CL production, severe bottlenecks existed downstream of β-carotene.  
4.5 Discussion 
The work shown here demonstrates, to my knowledge, the successful conversion of -carotene to CL 
in E. coli for the first time. To increase production of CL, a combinatorial screen was used to identify 
optimal enzyme fusion partners, and isoprenoid precursor supply was enhanced using a heterologous 
lower MVA pathway.  
Fusing heterologous proteins to high-solubility, well-expressed fusion partners can increase both 
translational efficiency and protein solubility 411. This strategy is commonly used to increase 
production of proteins for purification but is not widespread in metabolic engineering applications. 
Nevertheless, there are prior examples where fusion partners have improved production of 
metabolites via heterologous pathways 412–416. In this study, strains in which at least one of OsD27, 
PsCCD7, or PsCCD8 lacked a fusion partner tended to perform poorly compared to Trx and MBP 
fusions. This finding indicates that there are limitations in expression, stability, and/or solubility of 
the unfused enzymes. The strain with the optimal fusion partners supported over 20-fold higher 
production than the strain without any fusion partners, illustrating the value that fusion partners can 
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have in metabolic engineering. Where enzymes in other target production pathways have poor 
expression, solubility or stability, fusion partner screens may be useful to de-bottleneck problem 
nodes.  
In contrast to the solubility-enhancing Trx and MBP fusions, GlpF was included as a localisation tag. 
GlpF was previously used to localise two biosynthetic pathways to the E. coli cell membrane: β-
ionone production through CCD1, and astaxanthin production through a CrtW- CrtZ fusion 410. Like 
the CL biosynthesis pathway, these pathways were both initiated from β-carotene. GlpF fusion was 
hypothesised to increase production via these pathways by localising enzymes proximally to their 
substrates, which accumulate in membranes 417–420. This strategy doubled astaxanthin production and 
increased β-ionone production almost four-fold compared to control strains 410. A similar strategy 
was also used to improve fatty acid biosynthesis by fusion to an E. coli inner membrane protein, Lgt 
421. In contrast to these previous results, GlpF fusion did not appear to improve activity of CL 
biosynthesis enzymes. It is possible that these fusions constrained the orientation of the enzymes with 
respect to the membrane, and thereby restricted enzyme-membrane interactions required for substrate 
extraction or catalysis. Alternatively, poor performance may be due to lower levels of expression or 
instability of the fusions. Future work to determine the relative abundance of D27, CCD7 and CCD8 
in fusion to GlpF compared to Trx and MBP would help distinguish poor activity from low 
abundance, and may inform future strain designs.  
Increasing precursor supply is a classical engineering step in isoprenoid metabolic engineering. 
Precursor upregulation can create a “push” for metabolite flux towards target products. As precursor 
supply is known to strongly influence carotenoid biosynthesis in E. coli 400,401,404, a push strategy was 
tested in CL production. The approach was based on an arabinose-inducible lower MVA pathway 
comprising S. cerevisiae ERG12 and MVD1, human PMK, and E. coli Idi. This pathway was 
previously introduced onto the chromosome of K12 MG1655 and BL21 (DE3) (denoted EcAB4 and 
EcAM5, respectively) to enhance lycopene biosynthesis 324. The lower MVA pathway converts MVA 
to IPP and DMAPP, and therefore strains require MVA to be added to the medium as a substrate. 
Supplementation with MVA increased lycopene production by up to 10-fold, and was higher in the 
EcAM5 background than EcAB4 324. Here, transfer of the β-carotene and CL modules into EcAM5, 
and supplementation with MVA, increased CL production by approximately 50%. Thus, while the 
push approach was effective in increasing CL biosynthesis, the increase was substantially smaller 
than that previously reported for lycopene, and the concentration of β-carotene was approximately 50 
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times higher than the concentration of CL. This result suggests that further work will be required to 
“pull” flux towards CL by optimising the activity and expression of D27, CCD7 and CCD8.  
Cytochromes P450 are required for the conversions of CL to active SLs. As an initial investigation 
of SL diversification, Os900 and its redox partner ATR1 were expressed in CL-producing E. coli. 
Os900 is the best studied of the A2-type CYP711a proteins, which are the only known enzymes to 
convert CL to an active SL (4DO) via a single enzyme 188. E. coli expressed Os900 in its inactive 
P420 form, and no peaks corresponding to the Os900 products CLA and 4DO were observed. The 
P420 form is caused by disruption of the haeme-thiolate bond 422, and its formation can be influenced 
by the expression construct, host strain, or expression conditions 423.  Functional expression of 
cytochromes P450 in E. coli can be extremely challenging, and issues relating to proper membrane 
insertion, folding, and protein partner interactions are common 424.  
Optimisation of the N-terminus, codon usage, host strain, or growth temperatures may improve Os900 
activity, and enable 4DO to be produced in a single step in E. coli. Indeed, despite challenges 
expressing cytochromes P450 in E. coli, there have been previous successes using P450s in E. coli 
metabolic engineering. Notably, in the pathway for production of the potent anti-cancer drug, taxol 
(paclitaxel), optimising the expression levels and N-termini of the P450 and its reductase partner 
enabled production of 570 mg/L functionalised taxanes 425. Furthermore, unpublished data from our 
lab demonstrated activity of other CYP711a family enzymes in microsomes prepared from E. coli 
(pers. comm. Marcos Hamborg Vinde). This suggests that other CYP711a enzymes are functionally 
expressed in E. coli. Therefore, should Os900 activity remain unimproved after optimisation, 
different SL biosynthetic pathways could be pursued. As an alternative approach, a two-step 
biosynthetic pathway could be explored, where E. coli-produced CL could be fed to yeast strains with 
active P450 enzymes for functionalisation.  
Curiously, while no 4DO was produced, the strain expressing Os900 and ATR1 (EcAM5-4DO1) 
produced significantly more CL than the strain with only the carlactone pathway (EcAM5-CL1). This 
effect may be related to copy number. Larger plasmid size is negatively correlated with plasmid copy 
number 426,427. pBAD-4DO1 is 15.7 kb, whereas pBAD-CL1 is 10.3 kb. Therefore, pBAD-4DO1 
might be expected to have lower copy number than pBAD-CL1. Plasmid copy number can have a 
large impact on production titres in engineered strains. For example, moving a taxadiene synthesis 
module from a p15A plasmid to a lower-copy pSC101 plasmid resulted in an almost ten-fold increase 
in taxadiene production 262. An alternative possibility is that Os900 is involved in a metabolon 
formation that improves flux through the pathway. CYP711a enzymes have a predicted endoplasmic 
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reticulum (ER) anchor domain, and are thought to be localised to the ER, although their localisation 
has not been determined experimentally 428. While most cytochromes P450 are localised to the ER, 
there are many examples of chloroplastic cytochromes P450 facing the cytosol, intermembrane space, 
or stroma 429. It is plausible that CYP711a enzymes may localise to the plastid and interact with one 
or more of D27, CCD7 and/or CCD8 in such a way that is required for high flux. Further investigation 
is warranted to understand the mechanism behind high CL production in EcAM5-4DO1, and this 
phenomenon may offer exciting possibilities for increasing production titres in future work. 
The successful production of CL provides proof-of-principal for SL biosynthesis in microbial cell 
factories. The engineered strain provides an on-tap supply of CL for experimental uses. CL is an 
important research reagent that is difficult to come by as it is not commercially available, is 
challenging and expensive to synthesise, and has poor stability, the latter of which precludes long-
term storage. Therefore, the CL biosynthesis strain developed here is a valuable research tool. 
Improvements in CL titres are likely to be possible through further metabolic engineering strategies 
including increasing precursor supply, balancing enzyme expression to alleviate bottlenecks, reaction 
localisation strategies, and down-regulation of competing pathways.  
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Chapter Five: Rational design of novel fluorescent enzyme biosensors for 
direct detection of strigolactones 
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5.1 Abstract 
Strigolactones are plant hormones and rhizosphere signalling molecules with key roles in plant 
development, mycorrhizal fungal symbioses, and plant parasitism. Currently, sensitive, specific, and 
high-throughput methods of detecting strigolactones are limited. Here, we developed genetically 
encoded fluorescent strigolactone biosensors based on the strigolactone receptors DAD2 from 
Petunia hybrida, and HTL7 from Striga hermonthica via domain insertion of circularly permuted 
GFP. The DAD2 biosensor exhibited loss of cpGFP fluorescence in vitro upon treatment with the 
strigolactones 5-deoxystrigol and orobanchol, or the strigolactone analogue GR24. The biosensor 
likewise responded to strigolactones in an in vivo protoplast system, and retained strigolactone 
hydrolysis activity. The ShHTL7 biosensor exhibited loss of cpGFP fluorescence upon GR24 
treatment in vitro, and responded to a specific inhibitor of ShHTL7 but not DAD2, indicating that the 
biosensors retained the specificity of their parent receptors. These biosensors have applications in 
high-throughput screening, and may also have utility for studying strigolactone signalling in vivo.  
 
5.2 Introduction 
Strigolactones (SLs) are plant hormones involved in nutrient distribution, environmental adaptation, 
and plant development. They also function as rhizosphere signalling molecules in both symbiotic and 
parasitic interactions. Hormonal functions of strigolactones include branching inhibition, regulating 
root development and root hair growth, inhibiting adventitious rooting, increasing secondary growth, 
and promoting leaf senescence 12,13,22,82,87,430. SLs have also been shown to improve plant survival 
and productivity under drought and salinity stress 89,92,243. As rhizosphere signalling molecules, SLs 
induce hyphal branching in arbuscular mycorrhizae, promoting symbioses that are important for 
nutrient access in over 80% of land plant species 6. However, SLs also trigger seed germination of 
Striga and Orobanche spp. of parasitic plants, and therefore play a major role in parasitisation of crop 
plants 431. These parasitic species infest upwards of 60 million hectares of farmland worldwide, 
parasitising most major cereal crops and leading to major economic burden (losses reach $US billions 
annually) and food insecurity in endemic regions 144.  
The diverse functions of SLs (and SL-like compounds) lend themselves well to agricultural 
applications. A number of SL analogues have been investigated as Striga and Orobanche control 
agents (by inducing suicidal seed germination) with promising results 228,230,255. SLs may also act as 
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biofertilisers by enhancing mycorrhization, and their regulation of drought and salinity responses may 
provide the capacity to improve crop productivity under unfavourable conditions 143. Furthermore, 
use of SLs to control plant architecture may contribute to the development of high-density, high-
productivity planting systems, while crops with modified strigolactone production, composition, or 
perception show potential for improved agronomic properties 169,432–434.  
The biology and physiology of strigolactones is not yet fully elucidated, and there are indications that 
novel unidentified strigolactones exist 161. A high-throughput detection method would facilitate their 
identification by allowing screening of a wide range of plant tissues and extracts. High-throughput 
detection would also simplify chemical library screening to identify strigolactone mimics with 
desirable agricultural properties, and accelerate metabolic engineering in microorganisms for 
development of strigolactone production platforms, which are of particular interest due to the 
difficulty of chemical synthesis 143.    
Currently, no cost-effective, high-throughput methods for specific SL detection exist. Strigolactones 
are typically detected and measured by mass spectrometry, requiring expensive equipment and 
analytical standards. Functional assays, including parasitic seed germination and/or branching 
inhibition studies offer an alternative method of SL detection; however, accidental release of parasitic 
seeds is an environmental risk, and branching assays can be labour intensive. Differential scanning 
fluorimetry has also been successfully used to identify SL analogues and receptor antagonists by 
detecting the conformational changes of SL receptors 253. Molecular biosensors offer an alternative 
to existing assays with the potential for development as high-throughput systems. 
In vivo SL biosensors have previously been developed by adapting the endogenous perception 
machinery. SLs are bound and hydrolysed by the SL receptor D14 (known as DAD2 in P. hybrida). 
This interaction induces a conformational change that triggers signal propagation, although the 
relationship between SL hydrolysis and signal propagation remains uncertain 199. SLs facilitate the 
interaction between D14, MAX2 (known as D3 in rice (Oryza sativa)), and D53 (or SMXL6/7/8 
orthologues in Arabidopsis thaliana). MAX2 is the substrate-recognition F-box components of a Skp 
Cullin F-Box (SCF) E3 ubiquitin ligase complex, and D53 is a transcriptional repressor of SL 
signalling. This interaction triggers ubiquitination and degradation of D53, mediating downstream 
transcriptional changes (see Figure 1-4)435. As an additional feedback mechanism, SL signalling also 
induces degradation of D14/DAD2 193. D14 degradation is dependent on MAX2 and coupled to D53 
degradation; however it remains unknown whether D14 is a direct ubiquitination target of the SL-
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induced SCF complex, or is the target of a ubiquitin ligase expressed in response to D53 degradation 
436. 
Making use of the SL-induced degradation of D53, Samodelov et al 437 generated StrigoQuant, a D53-
luciferase fusion that could detect SL signalling in Arabidopsis protoplasts. Similarly, Sanchez et al 
generated transgenic Arabidopsis lines expressing a D14-luciferase fusion that could detect 
exogenously applied SLs and SL mimics by taking advantage of the endogenous feedback loop where 
SLs trigger degradation of D14 438. Additionally, the SL-dependent interaction between DAD2 and 
MAX2 was initially demonstrated using a yeast two-hybrid (Y2H) system 194. A similar Y2H 
approach enabled a high-throughput yeast screen for parasitic seed germination stimulants that relied 
on the interaction between MAX2 with  HTL, a paralogue of Arabidopsis D14 that is involved in the 
perception of other plant signalling molecules, karrikins and cotylimides 439. An analogous high-
throughput yeast screen could conceivably be developed for SLs. 
While the above multi-component SL biosensors provided new methods for strigolactone research, 
the outputs of such systems can be difficult to interpret due to the indirect nature of measurement as 
well as the lag time between signal input and observed signal output. Moreover, given the complexity 
of such systems requiring integration of multiple signalling events, modulation of individual 
components can introduce noise or signalling artefacts thus reducing confidence in the data.  Direct 
detection of the target molecule would be ideal, however, design and construction of such biosensors 
is not straightforward owing to a lack of employable general design principles 440.  
In recent years, several methods for the development of integrated fluorescent sensors have emerged, 
aiming to allosterically link the fluorescent intensity of a circularly permuted green fluorescent 
protein (cpGFP) variant to the activity or conformational state of a host receptor 441–444. Circular 
permutation interchanges amino and carboxyl fragments of a protein, reconnecting them via a short 
linker. This renders cpGFP highly sensitive to local conformational changes 445. The conformational 
sensitivity of cpGFP can be exploited in biosensor design by inserting it into a molecular receptor 
with large-scale ligand-dependent conformational transitions. While highly successful, these 
approaches have relied on random library generation and bespoke assay development, limiting the 
wider implementation of each method.  
In this work, we sought to exploit the availability of molecular structures and biophysical 
characterisations of the DAD2 and ShHTL7 enzymes to rationally design domain insertion biosensors 
for SL detection. To our knowledge, this is the first instance in which this cpGFP insertion strategy 
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has been applied to an enzyme to monitor its substrate. This sets a strong precedent for future 
biosensors whereby if ligand-dependent conformational changes occur in a given structure there is 
potential to create a fluorescent probe capable of direct detection of a target.  
5.3 Methods 
5.3.1 Plasmid construction 
DAD2, ShHTL7, cpGFP and LSSmOrange were codon optimised for S. cerevisiae (DAD2) or E. coli 
(ShHTL7, cpGFP and LSSmOrange) and synthesised as gene fragments, where DAD2 was 
synthesised in fusion to LexA DNA binding domain for use in the Y2H-based sensor (Integrated 
DNA Technologies; supplementary table 2 in Appendix 4). All primers are listed in supplementary 
table 3 (Appendix 4), and all PCR amplifications used Phusion high-fidelity polymerase (NEB) or or 
PrimeStarGXL polymerase (Takara) as per the manufacturers’ protocols.  
DAD2 cpGFP variants were constructed by amplifying variable N- and C-terminal portions of each 
receptor, and assembling with the cpGFP fragment into pET19b between BlpI and NcoI using Gibson 
assembly (NEB). N-terminal portions were amplified using primer DAD2N-F1 and a variable reverse 
primer, whereas C-terminal portions were amplified using a variable forward primer and DAD2C-
R1. The plasmid encoding DAD2cpGFP(G164) was denoted pET19b-DAD2cpGFP(G164) 
(GenBank accession MT270499). To generate pET19b-rDAD2cpGFP(G164) (GenBank accession 
MT270500), encoding the ratiometric DAD2 biosensor, the LSSmOrange coding sequence was 
amplified using LSSmOrange-F and LSSmOrange-R primers and DAD2C-R2 was used as the reverse 
primer for the C-terminal portion to confer homology to LSSmOrange. pET19b-
rDAD2cpGFP(G164) was constructed by Gibson assembly of N- and C-terminal portions of DAD2, 
cpGFP, and LSSmOrange into pET19b between BlpI and NcoI sites.  
For ShHTL7 constructs, a base plasmid was initially constructed by assembling the ShHTL7 gene 
fragment with the LSSmOrange amplicon (LSSmOrange-F and LSSmOrange-R primers) into 
pET19b between BlpI and NcoI sites. The entire base plasmid was then amplified to introduce 
homologous ends to cpGFP at each insertion location using different primer sets (supplementary table 
3 in Appendix 4), and the amplicons were assembled with the cpGFP gene fragment using Gibson 
cloning (NEB). The plasmid encoding rShHTL7cpGFP(L166) was denoted pET19b- 
rShHTL7cpGFP(L166) (GenBank accession MT270503). 
117 
 
6His-DAD2 and 6His-DAD2cpGFP(G164) were amplified from the DAD2 gene fragment and 
pET19b-DAD2cpGFP(G164), respectively, using primers DAD2N-F2, DAD2N-F3 and DAD2C-R1 
(two overlapping forward primers). This allowed initial amplification of the template by DAD2N-F2, 
followed by subsequent amplification by DAD2N-F3. Amplicons were cloned by Gibson assembly 
(NEB) into pET19b between BlpI and NcoI sites, generating pET19b-HisDAD2 (GenBank accession 
MT270501) and pET19b-HisDAD2cpGFP(G164) (GenBank accession MT270502).  
For protoplast experiments, rDAD2cpGFP(G164) was amplified using primers 441 and 442, then 
digested with ClaI and SpeI and ligated into the minimal protoplast vector developed by Pouvreau et 
al 446.  
pY2H-GFP (GenBank accession MT321299) was constructed by homologous recombination in vivo 
assembly in S. cerevisiae CEN.PK2-1C. Homologous arms for recombination at the YARC8 locus 
were PCR amplified from CEN.PK113-7D genomic DNA using primers 101+102 for the upstream 
arm, and primers 122+123 for the downstream arm. PGAL1 and PGAL2 promoters and TIDP1T, 
TLCS2 and TRPL41B terminators were PCR amplified from CEN.PK113-7D genomic DNA using 
the following primer pairs: 103+104, 33+108, 107+32, 111+112, and 120+121 respectively. The GFP 
coding sequence was amplified from plasmid pILGFP3 (Addgene 65451) using primers 117+118. 
Coding sequences of a fusion of DAD2 to the LexA DNA binding domain (LexA-DAD2), and of 
MAX2 to the B42 activation domain (B42AD-MAX2) were synthesised as gene fragments 
(Integrated DNA Technologies). A synthetic promoter (PLexA) consisting of eight repeats of the 
LexA operator and a minimal GAL1 promoter was also synthesised (GenScript). LexA-DAD2, 
B42AD-MAX2 and PLexA were PCR amplified using primers 105+106, 109+110, and 113+124, 
respectively. All PCR fragments were purified using EasyPure ® PCR Purification Kit (TransGen 
Biotech) as per the manufacturers protocol and co-transformed into CEN.PK2-1C with pRS425 
episomal plasmid backbone digested with SfoI and SacI (NEB). The assembled plasmid was extracted 
from S. cerevisiae, propagated in E. coli and verified by sequencing. Next, pY2H-GFP was adapted 
to include a URA3 selection marker to produce pY2H-GFP(URA3). GFP-TRPL41B and the 
downstream YARC8 homolgous recombination are were PCR amplified from pY2H-GFP with 
primers 183+184 and 187+188, respectively. The URA3 selection marker was PCR amplified from 
pRS426 with primers 185+186. The resulting PCR fragments were re-assembled into pY2H-GFP 
digested with BssHII and NdeI using Gibson cloning (NEB) and confirmed by sequencing. The 
verified plasmid was digested with SwaI and transformed into CEN.PK2-1C for genomic integration 
at the YARC8 locus, producing yeast strain ScY2H-GFP(URA3).   
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5.3.2 Domain insertion screen 
E. coli Rosetta (DE3) (DAD2 constructs) or BL21 (DE3) containing pGro7 (Takara) (ShHTL7 
constructs) were used for recombinant protein expression. Fresh LB medium (10 mL) containing 100 
µg/mL ampicillin and 34 µg/mL chloramphenicol was inoculated with overnight pre-cultures and 
grown at 37 °C, 200 rpm until 0.5 < OD600<1.0. Cultures were induced with 1 mM IPTG then 
incubated for 16-20 h at 20 °C, 200 rpm. 2 mL aliquots of culture were centrifuged and E. coli were 
stored as pellets at −30 °C until use. E. coli were lysed by sonication (3 × 15 sec at 30% power) in 
600 µL 50 mM Tris-HCl, 150 mM NaCl (pH 7.5) supplemented with 1 mg/mL lysozyme, 1 mM 
dithiothreitol and 1 × EDTA-free protease inhibitor cocktail (Roche). Lysates were clarified by 
centrifugation at 17,000 × g, 4 °C for 10 min, then 200 µL supernatant was transferred to a microtitre 
plate containing rac-GR24 or solvent only control to a final concentration of 0.1% acetone ± 10 µM 
rac-GR24. Fluorescence was measured using a Tecan Infinite 200 Pro microplate reader at 465 nm 
excitation, 517 nm emission (GFP) and 465 nm excitation, 575 nm emission (LSSmOrange).  
5.3.3 Strigolactone and triton X-100 treatments 
Lysates expressing rDAD2cpGFP(G164) or rShHTL7cpGFP(L166) were prepared as per the domain 
insertion screen. For dose-response curves, 90 µL supernatant was transferred to a microtitre plate, 
followed by 10 µL of 2.15 nM – 100 µM rac-GR24serial dilutions in 50 mM Tris-HCl, 150 mM 
NaCl, 1% acetone (pH 7.5) to final concentrations 215 pM – 10 µM  rac-GR24, 0.1% acetone after 
addition to lysate. Fluorescence was measured immediately and after 1 hour using a Tecan Infinite 
200 Pro microplate reader as per the domain insertion screen. For triton X-100 analyses, clarified 
lysates were incubated for 2 h on ice with or without 100 µM triton X-100, then treated with 10 µM  
rac-GR24 or acetone control and fluorescence was measured immediately.  
5.3.4 Yeast cell culture and rac-GR24 treatment of yeast biosensor 
During strain construction and all pre-cultures, yeast strains were grown on YPD, or where 
auxotrophic selection was required, on 6.7 g/L yeast nitrogen base without amino acids (YNB) 
supplemented with 20 g/L glucose. YNB pH was adjusted to 6.0 with ammonium hydroxide, and 
YNB was supplemented with 20 mg/L histidine, 100 mg/L leucine and 100 mg/L tryptophan (ScY2H-
GFP(URA3)), and with 20 mg/L uracil for the CEN.PK2-1C control. For cultivation on petri dishes, 
media were solidified with 20 g/L bacteriological agar.  
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For rac-GR24 treatment experiments, ScY2H-GFP(URA3) yeast were streaked from glycerol stocks 
onto YNB agar and grown for 2 days at 30 °C. Single colonies were inoculated into a primary pre-
culture in 5 mL YNB in McCartney bottles and grown for 24 hours. A secondary pre-culture (5 mL 
YNB in a McCartney bottle) was inoculated from the primary pre-culture using a volume of culture 
such that the secondary pre-culture would reach mid-log phase the following morning (based on cell 
density and preliminary growth rate estimates). Experimental cultures were inoculated from 
secondary pre-cultures to a starting culture density of OD600=0.2 into 100 mL shake flasks containing 
5 mL YNB MES ++ medium (6.7 g/L YNB without amino acids, 100 mM MES pH 6.0, 100 mg/L 
glutamic acid, 120 mg/L lysine, 40 mg/L methionine, 50 mg/L phenylalanine, 375 mg/L serine, 200 
mg/L threonine, and 10 mg/L myo-inositol) supplemented with 2% galactose, 35 mg/L histidine, 110 
mg/L leucine, 100 mg/L tryptophan, and 40 mg/L uracil (CEN.PK2-1C only), with or without 10 M 
rac-GR24. Strains were cultured for 16 h at 30 C, 200 rpm, then GFP fluorescence was measured 
by flow cytometry (BD Accuri™ C6; BD Biosciences, USA) using a 488 nm laser and 530/20 nm 
band-pass filter. The dose-response curves were performed as described with the exception that 
experimental cultures were in 1 mL medium, in 6-well plates.  
5.3.5 Protein purification 
6His-DAD2 and 6His-DAD2cpGFP(G164) were expressed as per the domain insertion screen, except 
800 mL cultures were used, and expression was induced with 400 µM IPTG. E. coli were lysed in 10 
mM HEPES-NaOH, 150 mM NaCl (pH 7.5) by passing twice trough an Emulsiflex C5 high pressure 
homogeniser (Avestin) at 15,000 psi, then clarified by centrifugation at 18,000 × g 4 °C for 30 min. 
Supernatants were filtered through 0.22 µm polyethersulfone Millex-GP syringe filters, then 
supplemented to a final concentration 20 mM imidazole. Each protein was purified using a 1 mL 
HisTrap HP column (GE Healthcare), washing with 10 mM HEPES-NaOH, 150 mM NaCl, 20 mM 
imidazole (pH7.5) and eluting with 10 mM HEPES-NaOH, 150 mM NaCl, 200 mM imidazole 
(pH7.5). Protein concentration was quantified using a NanoDrop. 
5.3.6 GR24 hydrolysis assays 
30 µM 6His-DAD2, 6His-DAD2cpGFP(G164) or a buffer-only control was incubated with 30 µM  
rac-GR24 in 10 mM HEPES-NaOH, 150 mM NaCl pH 7.5 in 50 µL reaction volumes at 30 °C for 2 
h. rac-GR24 and reaction products were extracted twice into 50 µL ethyl acetate. The extract was 
diluted with 100 µL acetonitrile then vacuum centrifuged to 30 µL. 2 µL of each extraction was 
analysed by LC-MS/MS. The LC-MS system was a Nexera X2 ultra high pressure liquid 
120 
 
chromatograph system (Shimadzu Corporation, Kyoto, Japan) coupled with a 5500 QTRAP MS 
system equipped with an electrospray ionization source (AB Sciex, USA).  SLs were separated on a 
Phenomenex Kinetex C18 reversed phase column (2.1mm  100 mm, 1.7 μm) maintained at 45 C. 
The settings and gradients for UPLC are as follows: flow rate: 0.5 mL/min; mobile phase A：0.1% 
acetic acid in deionized water; mobile phase B: 0.1% acetic acid in acetonitrile; The gradient was:  
30% to 100% B for 12 minutes, followed by 3 minutes wash with 100% B. MS/MS spectra were 
recorded using multiple reaction monitoring with the following settings: scan mode: positive; curtain 
gas: 20 psi; collision gas: high; ion spray voltage: 5500 V; ion source temperature: 500 °C; ion source 
gas 1: 25 psi; ion source gas 2: 25 psi.  Declustering potential, entrance potential, collision energy 
and collision cell exit potential were set to 80 V, 10 V, 20 V and 15 V, respectively. 
Accurate mass and fragmentation patterns were confirmed as follows. Samples were separated using 
reversed-phase chromatography on a Dionex Ultimate 3000 RSLC nano-system.  Using a flow rate 
of 30 µl/min, samples were desalted on a Thermo PepMap 100 C18 trap (0.3 x 5 mm, 5 µm) for 5 
min, followed by separation on a Vydac Everest C18 column (150 mm x 75 µm, 5um particle) at a 
flow rate of 300 nL/min.  A gradient of 10-50% buffer B over 7 min where buffer A = 1% ACN / 
0.1% FA and buffer B = 80% ACN / 0.1% FA was used to separate molecules, followed by washing 
at 98% B for 3 min, before returning to 10% B .  Eluted molecules were directly analysed on an 
Orbitap Elite mass spectrometer (Thermo) using an NSI electrospray interface.  Source parameters 
included a capillary temperature of 275° C; S-Lens RF level at 60%; source voltage of 2.4 kV and 
maximum injection times of 200 ms for MS and 150 ms for MS2. Instrument parameters included an 
FTMS scan across m/z range 50-500 at 60,000 resolution followed by information dependent 
acquisition of the top 10 singly charged peaks in the Orbitrap using HCD fragmentation, and 
normalised collision energy of 64 V.  Dynamic ion exclusion was employed using a 15-second 
interval.  Charge state screening was enabled with rejection of all ions other than +1 charged species. 
5.3.7 Protoplast preparation and analysis 
Tobacco protoplasts were prepared as per Pouvreau et al 447. Flow cytometry analyses were conducted 
on an Invitrogen Attune NxT Flow Cytometer and analysed with Invitrogen Attune NxT Software. 
Cells suspended in the protoplast buffer at a concentration of  0.187 M cells per ml were analysed at 
a flow rate of 200 µl/min and data were acquired for 150 µl. Sample were complemented with 
propidium iodide (PI) at 1 µg/ml final concentration and incubated 15 min prior to Flow cytometric 
analyses. Chlorophyll and PI fluorescence were excited with a 561-nm laser and emissions were 
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respectively captured by a 780/60-nm and a 620/ 15-nm band-pass filters. Protoplast population was 
gated based on SSC/FSC as well as Chlorophyll fluorescence/FSC ratios based on previous data (data 
not shown). Positive cells for PI staining (regarded as dead cells) were ignored for the rest of the 
analyses. For the remaining cells, LSSmOrange and cpGFP fluorescence were excited with a 488-nm 
laser and emissions were respectively captured by a 590/ 40-nm and a 530/ 30-nm band-pass filters. 
Unless otherwise stated, analyses were conducted on a minimum of three individual samples for each 
condition. 
Each sample was run once through the flow cytometer and then immediately spiked 1:100 with GR4 
in 10% acetone solution. Eight different final GR4 dilutions were used: 10 uM, 1 uM, 100 nM, 31.6 
nM, 10 nM, 1 nM, 0.1 nM, and 0 nM. Samples were then run twice more through the flow cytometer 
at 30 minutes interval. 
5.3.8 Statistical analyses 
All statistical analyses were performed in GraphPad Prism 8. For insertion site screening, the 
differences in cpGFP fluorescence between GR24 and control were tested using one sample t-tests 
(two-tailed). To test responses to Triton X-100, data were compared using one-way analysis of 
variance (ANOVA). Post-hoc Dunnett’s multiple comparison tests were used to compare each 
treatment against the ‘–Triton X-100 –GR24’ control. For in vitro dose-response curves, 
GFP/LssmOrange fluorescence intensities were normalised to a scale of 0 to 100, and fit to an 
[Agonist] vs. response – Variable slope (four parameters) model. Where EC50 values were compared, 
an extra sum-of-squares F test was used, with a P value cutoff of 0.05. In vivo protoplast or yeast 
dose-response curves were fit to an [Agonist] vs. response – Variable slope (four parameters) model. 
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5.4 Results 
5.4.1 Generation of an SL biosensor by fluorescent protein domain insertion into DAD2 
To develop a single-component SL biosensor, we applied the approach of fluorescent protein domain 
insertion into the P. hybrida SL receptor, DAD2. The fluorescent properties of circularly permuted 
fluorescent proteins are highly sensitive to local conformational changes 445, a property that has been 
exploited to develop several small molecule biosensors by inserting the circularly permuted 
fluorescent protein into an appropriate analyte binding protein 441–443. We therefore aimed to insert 
cpGFP into DAD2 in such a way that would preserve SL binding and propagate the DAD2 
conformational change into the fluorescent protein domain, thus modulating fluorescence in a SL-
dependent manner.  
The crystal structures of the Arabidopsis orthologue, AtD14, (PDB ID 4IH4 – Apo 195 and 5HZG 
chain A – in a SL-induced conformation 198) were used to assess the scale and locality of ligand-
induced conformational transitions. AtD14 and DAD2 are composed of two major domains denoted 
here as the catalytic domain and lid domain, the latter of which comprises α helices 5-8 (residues 137 
– 195 AtD14 numbering) (Figure 5-1A-C). Based on alignment of these structures using the catalytic 
domain, the AtD14 protein undergoes what appears to be a ‘lid-closing’ conformational change upon 
interaction with a target SL (Figure 5-1A, B). A key parameter for domain insertion sensors is 
insertion into flexible loop regions as these are often the most significantly transposed by any 
transitions but also the most tolerant of a domain insertion. Following these parameters, and based on 
the structural alignment, we focussed on the three loops between helices 5-8, that displayed the most 
significant transitions (Figure 5-1A, B). A set of six sites were selected for testing: A150, G165, 
A166, N181, M182 and R183. Based on sequence alignment, the equivalent sites in DAD2 are A149, 
G164, A165, N180, M181 and R182 (Figure 5-1C, D). Based on previous studies of domain insertion 
sensors, a minimal linker of Ala-Ser was used to insert cpGFP into the target sites of DAD2, as this 
appears sufficient to transduce minor loop rotations and perturbations in the host receptor 441.  
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Figure 5-1 DAD2-based strigolactone biosensor using cpGFP loop insertion. (A) Structure of AtD14 in its apo 
conformation (PDB ID 4IH4), and (B) in a conformation observed in a SL-induced complex (PDB ID 5HZG chain A). 
bound to a strigolactone hydrolysis product (navy spheres). Density inside the binding pocket assigned to a hydrolysis 
product of the strigolactone analogue GR24 is shown in navy spheres. A region of the lid domain that undergoes a large 
conformational change is highlighted in rainbow mode. The six cpGFP insertion sites are indicated with arrows on each 
structure (AtD14 numbering), where the indicated residue is immediately N-terminal of the cpGFP insertion. (C) 
Structure of DAD2 showing the six cpGFP insertion sites (DAD2 numbering). (D) Sequence alignment of DAD2 and 
AtD14 showing cpGFP insertion sites with colouring corresponding to panels (A-C). Identities are highlighted in gray. 
(E) Fluorescent response to the strigolactone analogue rac-GR24 (10 µM) at each insertion site. The data show the GFP 
fluorescence in rac-GR24 treated samples as a percentage of the fluorescence of the same variant under 0.1% acetone 
control conditions. Error bars represent standard error of the mean. *p<0.05, **p<0.01, ***p<0.001 by one sample t-
test compared to theoretical mean of 100 (no change). (F) Emission spectra of rDAD2cpGFP(G164) in the presence or 
absence of 10 µM rac-GR24. (G) Schematic of the ratiometric DAD2 cpGFP biosensor design. Strigolactone-induced 
conformational change is propagated into cpGFP, reducing fluorescence. The C-terminal LSSmOrange fusion provides 
an internal fluorescent control. 
 
Each domain insertion variant was expressed in Escherichia coli and cpGFP fluorescence was 
measured in lysates in the presence or absence of the SL analogue rac-GR24. Insertion of cpGFP at 
two sites, G164 and A165 (both located between helices 6 and 7) exhibited reduced fluorescence in 
the presence of 10 µM rac-GR24 with insertion after G164 (denoted DAD2cpGFP(G164)) giving a 
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four-fold reduction in fluorescence (Figure 5-1D, Supplementary table 1 (Appendix 4)). The SL-
induced fluorescence change was also observed in live E. coli resuspended in a buffer with or without 
10 µM rac-GR24 (data not shown). In contrast, insertions in the loops between helices 5 and 6, or 
helices 7 and 8, gave low or no change in fluorescence in response to rac-GR24 ((Figure 5-1D). It is 
possible that insertion in these loops did not result in the propagation of conformational changes into 
cpGFP, or alternatively that the insertion perturbed DAD2 structure, disrupting interaction with rac-
GR24. Nevertheless, the signal changes arising from the G164 and A165 insertion sites validated the 
use of domain insertion biosensors for SL detection. DAD2cpGFP(G164) was pursued for further 
development. 
Intensiometric sensors that utilise only a single-fluorophore are effective as probes, but have some 
limitations. In particular, intensiometric sensors are sensitive to changes in expression level and 
protein degradation, which are sources of significant noise for signal intensity. To rectify this, we 
sought to convert the biosensor to a ratiometric output independent of sensor concentration by adding 
a second fluorophore to provide an internal normalisation control (Figure 5-1A). LSSmOrange has a 
long Stokes shift, allowing the cpGFP and LSSmOrange fluorophores to be excited by a single 
wavelength, while still providing spectrally resolved emission, as employed by the Matryoshka 
gCAMP sensors 448. This approach exploits the non-overlapping excitation-emission spectra of the 
fluorophores, eliminating confounding effects of FRET. LSSmOrange was fused at the C-terminus 
of the DAD2cpGFP(G164) via a rigid GEAAAKEAAAKGG linker. The ratiometric sensor is 
denoted rDAD2cpGFP(G164). Treatment with SL showed retention of the cpGFP intensity 
switching; and importantly, LSSmOrange fluorescence intensity was unaffected (Figure 5-1E), 
enabling calculation of a dose-dependent ratio change.  
5.4.2 The DAD2 conformational biosensor has high sensitivity in vitro 
To test the sensitivity and detection range of rDAD2cpGFP(G164) we initially measured the 
fluorescence ratio cpGFP/LSSmOrange 10 minutes after adding various concentrations of rac-GR24. 
rac-GR24 had a detection range approximately between 50 nM and 500 nM, with an apparent EC50 
of 143 ± 16 nM (Figure 5-2A).  
Unlike existing domain insertion biosensors, DAD2cpGFP(G164) is not only a receptor, but also an 
enzyme. The relationship between SL hydrolysis and DAD2 conformational change is uncertain 199, 
and some but not all reports suggest that SL receptors form stable interactions with a reaction product 
198,200,201,213. We hypothesised that the dose-response behaviour may be time-dependent as a result of 
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the non-equilibrium system. Indeed, sensitivity and dynamic range were dependent on the incubation 
time, with the sensitivity of the biosensor increasing with incubation time (Figure 5-2A). This is 
consistent with the formation of a stable receptor-product complex locking the biosensor in a reduced 
fluorescence state.  
In vitro, this time-dependent sensitivity may allow a larger detection range to be accessed simply by 
measuring at a range of time points. Additionally, sensitivity remained relatively stable between 40 
and 80 min, which permits a large number of samples to be processed and measured in parallel 
without significant influence from incubation time. In our system, we could detect rac-GR24 
concentrations down to low nanomolar concentrations using a 40 – 80 min incubation time, with an 
apparent EC50 of  29.9 ± 4.7 nM (mean ± standard deviation) at 80 min (Figure 5-2A).  
Next, we investigated the response of the biosensor to the natural SLs 5-deoxystrigol and orobanchol, 
choosing 50 min incubation to ensure stable readings. The biosensor responded in a dose-responsive 
manner to both natural strigolactones tested. The EC50 values were fit at 70.5 ± 6.3 nM for 5-
deoxystrigol, and 124 ± 6.8 nM for orobanchol, which were significantly higher than that for rac-
GR24 (EC50 = 25.9 ± 1.7 nM, extra sum-of-squares F test, p<0.0001). 
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Figure 5-2. Sensitivity and detection range of DAD2-based strigolactone biosensors. (A) Dose-response curves of 
rDAD2cpGFP(G164) after different incubation times. (B) Dose-response curves of rDAD2cpGFP(G164) to different SLs 
after 50 min incubation. (C) Schematic of the two-component transcription-based reporter. DAD2 is fused to the LexA 
DNA binding domain, and MAX2 is fused to the B42 activation domain. Strigolactones trigger interaction between DAD2 
and MAX2, recruiting the activation domain to the promoter, and inducing transcription of the GFP reporter protein. (D) 
Dose-response curve of the transcriptional biosensor after 16 h incubation with rac-GR24. The transcriptional biosensor 
has lower sensitivity than rDAD2cpGFP(G164) and had not saturated the response at the highest rac-GR24 
concentration tested. Data show mean ± standard error of three replicates. 
 
5.4.3 An alternative biosensor design had lower sensitivity 
In parallel to rDAD2cpGFP(G164), we also developed a yeast two-hybrid (Y2H)-based reporter of 
SL as an alternative biosensor design. The Y2H reporter was similar to a design reported by Hamiaux 
et al. 194, but with different activation and binding domains. Transcriptional reporters are commonly 
used in biosensor development, especially in metabolic engineering applications. By fusing DAD2 to 
a DNA binding domain and MAX2 to an activation domain, transcription of the reporter gene 
(yEGFP) in Saccharomyces cerevisiae was coupled to SL-dependent interaction between DAD2 and 
MAX2 (Figure 5-2C). After 16 h incubation with rac-GR24, the Y2H approach had much lower 
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sensitivity than the conformational biosensor (Figure 5-2D), potentially due to poor uptake of rac-
GR24 by the cells, or alternatively due to minimum concentration requirements of the reconstituted 
transcription factor. Similarly, while the Y2H reporter developed by Hamiaux et al. had higher 
sensitivity than that developed here, the EC50 was approximately 10 times higher than that observed 
for the direct-detection domain insertion biosensor 194. As the Y2H approach had lower sensitivity, 
slower response times and was restricted to use in a single organism, the domain insertion biosensor 
was pursued for further application.  
5.4.4 The DAD2 conformational biosensor detects SL in protoplasts 
Plant protoplasts can be used as a cell-based model for plant systems, providing a simple system for 
transient expression of proteins of interest. Accordingly, protoplasts have been used extensively in 
studies of strigolactone signalling 205,207,436,437,449. We therefore chose protoplasts as a model system 
for proof of concept of the DAD2 conformational biosensor function in plant cells.  
Tobacco protoplasts transfected with rDAD2cpGFP(G164) were examined by flow cytometry, and 
exhibited fluorescence in GFP and LSSmOrange channels. Upon treatment with rac-GR24, GFP 
fluorescence decreased to just above background, whereas LSSmOrange fluorescence decreased only 
slightly, likely due to loss of bleed-through from cpGFP (Figure 5-3A). As observed in bacterial 
lysates, there was a slight time-dependent response: the apparent EC50 was 173.0 nM after 30 min, 
and decreased to 101.9 nM after 60 min (Figure 5-3B).  
 
Figure 5-3. rDAD2cpGFP(G164) responds to rac-GR24 in protoplasts. (A) Dot plot of protoplasts expressing 
rDAD2cpGFP(G164) treated with 10 μM rac-GR24 or acetone control. For clarity, only cells gated for positive 
LSSmOrange fluorescence are shown. (B) Dose-response curve of protoplasts transformed with rDAD2cpGFP(G164) to 
rac-GR24. Each sample was measured prior to, 30 min after, and 60 min after addition of rac-GR24, and data represent 
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mean fluorescence of all live cells. Data show mean ± standard error of three replicates. The dotted line indicates mean 
background fluorescence of untransfected cells.  
 
5.4.5 The DAD2 conformational biosensor retains catalytic activity 
Ideally, the DAD2 conformational biosensors would retain SL binding and hydrolysis activities 
similar to the wild-type receptor, thus enabling a close to native condition direct-detection method. 
To test enzymatic activity of DAD2cpGFP(G164), purified protein was incubated with rac-GR24, 
and both rac-GR24 and a hydrolysis product, ABC-FTL, were monitored by LC-MS/MS (Figure 
5-4A). The rac-GR24 peak intensity decreased in samples incubated with wild type DAD2 (DAD2wt) 
or DAD2cpGFP(G164) compared to a buffer-only control, and a new peak consistent with the 
fragmentation pattern of ABC-FTL194 appeared (Figure 5-4B). To confirm the identity of ABC-FTL, 
accurate mass was confirmed to within 1 ppm for both DAD2wt and DAD2cpGFP(G164) samples, 
and the fragmentation pattern matched that published previously 194 (Figure 5-4C). 
 
Figure 5-4. DAD2cpGFP(G164) hydrolysis activity towards rac-GR24. (A) DAD2 hydrolyses GR24 to produce two 
products, ABC-FTL and HMB. (B) Extracted ion chromatograms showing hydrolysis of rac-GR24 (299-›97 m/z 
transition, 3.0 min retention time) by wild-type DAD2 and DAD2cpGFP(G164) to form ABC-FTL (203-›157 m/z 
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transition, 1.0 min retention time). Data show representative peak from three replicate samples. (C) MS2 Product ion 
scan of 203.07 m/z peak analysed on an Orbitap Elite mass spectrometer. 
 
5.4.6 Generation of an SL biosensor by fluorescent protein domain insertion into ShHTL7 
The different activities of SLs as hormones, parasitic seed germination stimulants, and mycorrhizae 
communication molecules are mediated by different receptors 450. In model plants, SLs are detected 
by D14/DAD2, whereas seed germination of the parasitic S. hermonthica is mediated by a related 
clade of α/β hydrolases that underwent convergent evolution to recognise SLs 210. The S. hermonthica 
HTL7 (ShHTL7) is the most sensitive of these receptors, and plays a dominant role in S. hermonthica 
seed germination 212. We asked whether we could apply the same principle used for 
rDAD2cpGFP(G164) to generate an ShHTL7-based SL biosensor with the goal of being able to 
differentially detect the propensity of a SL or SL analogue to activate hormonal and parasitic seed 
germination pathways.  
To rationally design an ShHTL7 version of the SL biosensor using DAD2cpGFP(G164) as a template, 
we aligned structures of ShHTL7 and DAD2 (PDB ID 5Z7Y 211 and 4DNP 194, respectively). The two 
receptors have conserved global tertiary structure (Figure 5-5A). We therefore hypothesised that 
domain insertion into the loop between helices 6 and 7 of ShHTL7 would facilitate coupling of SL-
binding and cpGFP fluorescence, as observed in DAD2cpGFP(G164). This targeted approach 
allowed testing of fewer insertion variants: cpGFP was inserted into only four loop positions between 
helices 6 and 7. Again, LSSmOrange was fused to the C terminus to enable ratiometric measurement. 
Insertion after L166 displayed sensitivity to SL-binding, with greater than two-fold reduction in 
cpGFP fluorescence in the presence of 10 µM rac-GR24, and dose-responsive behaviour towards 
rac-GR24 (Figure 5-5B, C, Supplementary table 1 in Appendix 4). L166 is three amino acids C-
terminal of the G164 insertion site in DAD2 based on sequence alignment, which highlights the 
importance of testing multiple insertion sites. Nevertheless, this again demonstrates the generalizable 
potential of domain insertion, and demonstrates that paralogous proteins can be successfully used as 
guides to direct sensor design.  
To assess whether rShHTL7cpGFP(L166) and rDAD2cpGFP(G164) retain the specificity of the 
parent receptors, we tested the effect of triton X-100 pre-treatment on each biosensor. Triton X-100 
specifically inhibits ShHTL7 but not DAD2, due to a slightly more open position of helix α4 at the 
binding pocket entrance 212. When triton X-100 was pre-incubated with rDAD2cpGFP(G164) for two 
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hours, it had no effect on the control lysate, and did not prevent rac-GR24-induced loss of cpGFP 
fluorescence (Figure 5-5D, Supplementary table 1 (Appendix 4)). In contrast, triton X-100 reduced 
the cpGFP fluorescence of rShHTL7cpGFP(L166), and no further change was observed upon rac-
GR24 treatment, consistent with triton X-100 binding and inhibition of rShHTL7cpGFP(L166). Since 
ShHTL7 undergoes only minor conformational change upon triton X-100 binding, these results 
suggest that the cpGFP is sensitive to small local conformational changes.  
 
Figure 5-5. ShHTL7-based SL sensor using cpGFP loop insertion (A) Alignment of DAD2 (PDB ID 4DNP; grey) and 
ShHTL7 (PDB ID 5Z7Y; blue). cpGFP insertion sites in ShHTL7 are highlighted in red. (B) Fluorescent response to the 
strigolactone analogue rac-GR24 (10 µM) at each insertion site. The data show the GFP fluorescence in rac-GR24 
treated samples as a percentage of the fluorescence of the same variant under 0.1% acetone control conditions. ANOVA 
test for equality of means p<0.0001; *p<0.05, **p<0.01, one sample t-test compared to theoretical mean of 100 (no 
difference). C) Dose-response curve of rShHTL7cpGFP(L166) in the presence of rac-GR24 after 50 min incubation. (D) 
Fluorescent response of rDAD2cpGFP(G164) (left) and rShHTL7cpGFP(L166) (right) to 100 µM triton X-100 and 10 
µM rac-GR24. Dunnett’s multiple comparisons test was used to compare each treatment condition to the untreated 
control: ns, not significant; ***p<0.001,. All error bars represent standard error of the mean of three replicates. 
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5.5 Discussion 
Two new high-sensitivity biosensors were developed based on DAD2 and ShHTL7. The sensors 
provide an alternative and direct method of detection and quantitation for SLs, with low nanomolar 
sensitivity. This sensitivity is on par with current mass spectrometry limits of detection: a recent SL 
quantification method development paper reported a limit of detection of 4.94 µg/L (16.6 nM) for 
rac-GR24 451. Furthermore, the sensors do not require specialised equipment, and are adaptable to 
high-throughput applications. Unlike mass spectrometry, the biosensors cannot identify specific 
strigolactones; however, given they report on receptor binding, they may be able to distinguish 
functionally active strigolactones from inactive precursors and other molecules. In this respect, the 
biosensors could be used as an alternative to existing functional assays, such as seed germination and 
branching inhibition bioassays, for some research applications. Seed germination assays in particular 
require alternatives as they pose environmental and agricultural risks associated with accidental 
release of parasitic seeds. As such, the biosensors are a valuable addition to the SL detection toolbox, 
complementing existing methods, with particular value in any high-throughput applications.   
Biosensors have demonstrated utility in drug discovery screens due to their high specificity and 
affinity, and integrated output module. Similarly, the SL biosensors developed here could be used for 
screening small molecule libraries for agonists of DAD2 and/or ShHTL7. The specific binding of 
triton X-100 to ShHTL7 but not DAD2 sensors indicated that the selectivity of the two receptors was 
retained. Therefore, the sensors could be used to distinguish compounds that bind the hormonal SL 
receptor from those that bind the S. hermonthica seed germination receptor. An expected challenge 
in using SLs for agricultural applications is the risk of unintended activities arising from the diverse 
functions of SLs in hormonal, symbiotic and parasitic signalling. Increasing the specificity of the 
compounds towards one receptor type would reduce off-target effects. For example, field treatment 
with SL mimics to trigger suicidal seed germination is under investigation as a control method for 
Striga and Orobanche spp. Compounds that trigger parasitic seed germination while lacking 
hormonal activity would be preferred to avoid altering crop development. Conversely, agonists of 
DAD2 but not ShHTL7 would be preferred as plant protection products (for protection from drought 
stress for example), as they would not trigger potentially destructive parasitic seed germination. 
Compounds with selective hormonal or seed germination activity are already being identified, and 
the application of these biosensors may expedite similar studies 253,452.  
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The DAD2 conformational biosensor may also be useful to complement existing biosensors for 
studying SL signalling, and in particular for dissecting aspects of SL signal transduction. Existing SL 
biosensors report on degradation of D14 or D53, and as such, are dependent on many cellular 
processes, including the activity of additional signalling components, proteasomal degradation, and 
in the case of the D14-based biosensor, on unknown processes that may involve gene transcription. 
As the only direct-detection biosensor developed to-date, the DAD2 conformational biosensor 
provides new potential for detecting SLs in plants and unravelling the processes that contribute to SL 
signalling. Demonstration of activity in tobacco protoplasts provides proof-of-concept for application 
of this biosensor in signalling studies.  
Considerable differences in sensitivity were seen across the strigolactone biosensors developed to-
date. StrigoQuant, which reported on D53 degradation, had very high sensitivity, detecting 5-
deoxystrigol at concentrations as low as 100 fM, and orobanchol down to 10 nM 437. In contrast, the 
D14 degradation-based in planta bioassay had an EC50 of 1.63 µM GR24 438. The conformational 
biosensors developed here had intermediate sensitivities, with EC50s in the low- to mid-nanomolar 
range, while transcriptional Y2H-based biosensors had lower sensitivity. These differences may be 
expected due to the differing reliance of each biosensor on additional cellular processes. For example, 
in the StrigoQuant system, ubiquitination of multiple luciferase-tagged D53 molecules by a single 
SL-induced SCF E3 ligase complex may mediate signal amplification. Conversely, the 
uncharacterised signalling steps between SL binding and D14 degradation may dampen signal. In 
addition, differences in the sensitivity of the parent receptors used, and changes induced through 
modification for biosensor construction, likely impact SL binding affinity. 
D14/DAD2 and ShHTL7 are non-canonical receptors in that they hydrolyse strigolactones, and 
therefore also act as enzymes 213. Receptors, and more broadly small molecule binding proteins such 
as calmodulin and periplasmic binding proteins, have been widely used as biosensor components 441–
444. In contrast, enzymes have been largely overlooked as input domains. To our knowledge, where 
domain insertion enzyme biosensors have been developed previously, they have reported on enzyme 
conformation or non-substrate ligands, but have not been used to detect their substrate. 
There are several potential reasons for which enzymes may have traditionally been overlooked as 
biosensor input domains. Firstly, enzymes can have comparatively small conformational change upon 
substrate binding compared to receptors. However, it is becoming clear that small conformational 
changes can induce signal output (a phenomenon supported by the triton X-100 data presented here). 
Secondly, the temporary nature of substrate binding during enzyme catalysis could generate a 
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transient signal that may be difficult to detect. Yet we found that signal from the DAD2 and ShHTL7 
enzyme biosensors persisted sufficiently to measure fluorescence change even at low substrate 
concentrations.  
This work demonstrates the utility of enzymes as biosensors for their substrate, which provides a 
precedent that may expedite the development of new biosensors. Previously, development of 
biosensors for new analytes relied on scouring databases for potential binding proteins or mutating 
known binding proteins to change their ligand specificity. As many potential analytes are substrates 
for known enzymes, these enzymes significantly broaden the pool of characterised proteins from 
which we can draw input domains for biosensor development. Application of enzymes as biosensor 
recognition modules for their substrates sets a new precedent in biosensor design. 
In summary, the two new high-sensitivity biosensors developed here are a valuable addition to the 
SL detection toolbox. As these are the first biosensor designs, there is much scope to improve signal 
dynamic range via linker engineering and optimisation of fluorescent proteins. The sensors provide a 
direct method of detection and quantitation for SLs, with low nanomolar sensitivity, and have 
particular value in any high-throughput applications. Combined, the DAD2 and ShHTL7 biosensors 
offer new capability to distinguish the ability of a SL mimic to induce a hormonal response from its 
activity as a suicidal seed germination stimulant. Therefore, the sensors have potential applications 
in screening compound libraries for potential agrochemicals. Compared to existing biosensors, the 
direct-detection biosensors developed here offer simplicity, versatility across multiple organisms and 
in vitro systems, and reduced risk of confounding effects from other signalling components.  
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Chapter Six: Conclusions and future perspectives 
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6.1 Research summary 
Strigolactones (SLs) have potential as agricultural chemicals for regulating plant growth, enhancing 
mycorrhization, and controlling parasitic weeds. Agricultural use is currently precluded by the high 
cost and low availability of SLs, largely due to the complexity of their chemical synthesis routes. 
Microbial engineering offers a potential route to sustainable, cost-effective production of SLs. In this 
thesis, production of the SL precursor carlactone (CL) was investigated in two of the most widely 
used microbial cell factories, S. cerevisiae, and E. coli.  
In S. cerevisiae, overexpression of an extra copy of the endogenous GGPP synthase BTS1 supported 
higher β-carotene production than CrtE, the homologue from the carotenogenic yeast X. dendrorhous. 
Engineered strains produced up to 9.3 mg/L β-carotene. However, S. cerevisiae was found to be a 
poor host of CL production, producing approximately 3.9 ng/L CL. No 9-cis-β-carotene was detected 
in engineered S. cerevisiae expressing D27 from rice, Arabidopsis, or D. bardawil, indicating that 
conversion of all-trans-β-carotene to 9-cis-β-carotene was a bottleneck under these conditions.  
In contrast to its behaviour in S. cerevisiae, D27 was active in E. coli, and β-carotene-producing 
strains expressing MBP-OsD27 fusions contained approximately one quarter of their β-carotene in 
the 9-cis conformation. The sub-organellar localisation of OsD27 was also determined for the first 
time. In N. benthamiana, heterologous OsD27-c-myc was found in both a stromal form and a 
thylakoid-bound form, as a peripheral membrane protein. Efforts to elucidate the three-dimensional 
structure of D27 were ultimately unsuccessful due to the formation of soluble aggregates that could 
not be completely dissociated by detergents.  
Compared to S. cerevisiae, E. coli was a favourable host for CL production. Fusion partners of 
OsD27, PsCCD7, and PsCCD8 have a major impact on CL production, with highest CL production 
observed in a strain expressing Trx-OsD27, Trx-PsCCD7, and MBP-PsCCD8. In E. coli, unfused 
OsD27, PsCCD7, and PsCCD8 are sub-optimal and require improvements in either expression or 
solubility that are conferred by the fusion partners. An arabinose-inducible strain with these optimised 
fusions produced 147 ± 17 µg/L (mean ± standard deviation) CL in shake flask cultures after 72 h. 
Upregulation of isoprenoid precursor supply using a lower mevalonate pathway supplemented with 
mevalonate as a substrate increased production to 221 ± 22 µg/L CL, approximately 5.7 × 104 times 
greater than CL production titres in S. cerevisiae. 
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As it currently stands, this strain provides a valuable source of CL for research purposes. CL is 
challenging to produce via chemical synthesis (estimated to take an experienced synthetic chemist 3 
months, pers. comm. Dr Nicholas Kanizaj), is not available commercially, and has poor stability, 
which makes long-term storage challenging. For these reasons, the simple, on-demand production 
method for CL developed here will be valuable for SL research applications. Furthermore, the strain 
provides a chassis for engineering downstream pathways for production of SLs. Diverse SLs are 
produced via CL decoration reactions catalysed by oxidoreductases, cytochromes P450 in the 
CYP711a and CYP722c families, and additional as-yet unknown enzymes. While Os900 did not 
express functionally in this work, unpublished data from our lab has demonstrated activity of other 
CYP711a enzymes in microsomes prepared from CYP711a-expressing E. coli, using CL from 
engineered E. coli as a substrate (pers. comm. Marcos Hamborg Vinde). This success indicates that 
reconstructing at least some of the SL diversification pathways in E. coli is likely to be feasible. 
To facilitate future metabolic engineering efforts, a fluorescent biosensor was developed as a 
functional readout of SL production using fluorescent protein domain insertion into the SL receptor, 
DAD2. The biosensor will support pathway discovery by identifying enzymes that convert CL to 
functional SLs, and will serve as a high-throughput screening method for selecting high-producing 
SL production strains.  
In addition to applications in metabolic engineering and pathway discovery, the biosensor is expected 
to have applications in studying SL biology. In particular, the biosensor can detect exogenous SLs in 
protoplasts, demonstrating its potential for studying SL signalling pathways.  Preliminary work 
detecting endogenous SLs in plant extracts was unsuccessful (data now shown); however, 
optimization of such a system might facilitate the identification of novel SLs in plant tissue extracts. 
The fluorescent protein domain insertion approach was also applied to develop a biosensor based on 
the Striga hermonthica receptor, ShHTL7. These biosensor designs are the first time that domain 
insertion fluorescent biosensors have been developed using enzymes as the input domains for 
detection of their substrates. This design principle opens new opportunities in biosensors 
development, where identification of input domains has been a bottleneck.  
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6.2 Perspectives on production of strigolactones through microbial cell factories 
The prospects for production of SLs through microbial cell factories will depend on the economic 
viability of production, and the utility of biologically produced SLs in agriculture. Both factors will 
be heavily influenced by the value added through SL application due to yield increases and/or reduced 
input requirements. The availability, cost, and comparative properties of alternatives such as 
chemically synthesised SL mimics will also impact viability of microbial SL production.  
Plant hormones have a long history of use as agrochemicals. Assuming SLs will confer comparative 
yield increases with similar application regimes, other plant hormones can be used as a guide for 
estimating the production levels that would be required for economic viability. Gibberellic acid and 
S-abscisic acid are currently produced industrially using fungal fermentation systems 453. Production 
of gibberellic acid is commonly at approximately 2 g/L 453, with the highest published production of 
gibberellic acid to date reported at 15 g/L by Fusarium moniliforme 454. S-Abscisic acid production 
is similarly in low g/L 455. Since production of β-carotene in E. coli has been achieved at low g/L 
400,403,404, production of SLs at economically viable levels will depend on efficient downstream 
conversion, and is unlikely to be limited – at least initially – by β-carotene supply.  
Like many engineering disciplines, metabolic engineering relies heavily on Design-Build-Test-Learn 
(DBTL) cycles, an iterative process of strain improvement where the results of preliminary strains 
guide the design of better-producing strains. Falling DNA read and write costs and increasing 
automation have afforded a rapid advancement in the throughput of strain construction. Likewise, the 
design and learn components can now be largely automated using dedicated software and machine 
learning algorithms. However, despite increased throughput of mass spectrometry capabilities 456,457, 
the test phase remains a rate-limiting step in many DBTL cycles, with regards to both cost and time.  
Biosensors offer great capacity to overcome this bottleneck. Biosensors can convert analyte 
concentrations into easily measurable signals such as fluorescence. They offer cheap screening of 
thousands of strains within minutes in a simple microtitre plate format. Fluorescent biosensors are 
also compatible with fluorescence-activated cell sorting, which can mediate directed evolution, and 
new emerging technologies for screening and characterising thousands of clones in parallel. In this 
way, fluorescent biosensors provide speed and simplicity that make them particularly useful as the 
first tier of a high-throughput screening pipeline. The fluorescent SL biosensor developed in this work 
will facilitate such high-throughput screening approaches for future SL strain engineering. 
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While chemical synthesis of natural SLs is not feasible in large quantities, SL mimics with easier 
synthesis routes have been – and will likely continue to be – identified. Although these are not yet 
available in bulk, they may offer an alternative source of SLs for agricultural use in the future. 
Compared to natural SLs, SL mimics may have several potential advantages. Firstly, SL mimics can 
have tailored activities, such as the specific activation of seed germination but not hormonal responses 
252 or vice-versa 253,458. Secondly, SL mimics are typically more stable than natural SLs: the 
commonly used analogue GR24 is more stable in aqueous solutions than natural SLs such as 5DS 174, 
solanacol 459 and solanacyl acetate 459, which in turn appear to be more stable than non-canonical SLs 
161. Stability of other SL mimics varies, with some mimics having better stability than GR24 200,460,461, 
while others have poorer or similar stabilities 462–464. As stability will impact shelf life and persistence 
post-application, it is a relevant parameter to consider when developing SL formulations appropriate 
to agriculture. However, high stability may not be essential for successful use. For example, 
Nijmegen-1, a SL analogue that has been prepared in a shelf-stable formulation and successfully 
deployed for parasitic weed control has a half-life 5-10 times shorter than GR24 230. 
New to nature engineered pathways may enable biological production of SL-like compounds that 
match the stability and/or selectivity of SL mimics. Enzymes, including several cytochromes P450, 
have previously been engineered to catalyse specific pre-determined chemical reactions 246–251. This 
approach may facilitate biosynthesis of specific SL mimics with known properties. Alternatively, 
enzyme libraries could be screened for production of SL mimics with desired properties. In such 
screens, chemical structure is unknown at the time of hit identification, and lead compounds must 
then be synthesised in sufficient quantities for structure determination. A similar approach was 
recently used to produce new-to-nature derivatives of (+)-epi-α-bisabolol using promiscuous 
mammalian cytochromes P450 245. For screening approaches, high throughput assays to detect the 
desired properties will be essential. The dual DAD2 and ShHTL7 biosensor developed here offer one 
potential method of identifying compounds with selective activities.  
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6.3 Future work 
6.3.1 Crystallisation trials and structural studies of D27h3 
The formation of soluble aggregates from D27 is expected to prevent the formation of ordered crystals 
required for structure determination. While aggregate formation could not be prevented or reversed 
in this thesis, D27h3Δdisorder, a Z. jujuba D27 homologue in the D27L1 clade, had reduced 
hydrophobicity, and purified primarily as a monomer. A D27-clade homologue from P. euphratica, 
denoted PeD27AΔdisorder, was also identified as a candidate for further activity and aggregation 
studies based on its low hydrophobicity. Should this homologue have low aggregation, it may also be 
suitable for structural studies.  
Structures of D27h3Δdisorder and/or PeD27AΔdisorder would provide templates for high-quality 
homology models for OsD27 and related sequences. These models would provide valuable structural 
information that could be used to understand D27 function and activity, and rationally engineer 
OsD27 for reduced aggregation for structural studies, and improved activity in heterologous hosts.  
6.3.2 Introduction of cytochromes P450 for conversion of CL into functional SLs 
Cytochromes P450 convert CL to diverse SLs. To date, biosynthesis pathways have been described 
for 4-deoxyorobanchol (4DO), orobanchol and 4-hydroxy-5-deoxystrigol via CYP711a or CYP722c 
family cytochromes P450 179,180,188. In this thesis, Os900, an A2-type CYP711a that is reported to 
convert CL to 4DO 179,188, did not fold correctly in E. coli, and no activity was detected. Issues relating 
to proper membrane insertion and folding are common for cytochromes P450 in E. coli 424. 
Optimisation of P450 N-termini can facilitate functional expression 424,465, and a screen of N-termini 
may identify an Os900 construct that can convert CL to 4DO in vivo. An A2-type CYP711a from 
Selaginella moellendorffii 188 will provide an alternative enzyme for 4DO production should its 
expression prove favourable to that of Os900 in E. coli. 
Alternative biosynthetic pathways for other SLs will be investigated in parallel to further Os900 
studies. Introduction and optimisation of an A1-type CYP711a plus a CYP722c will enable 
production of orobanchol and 4-hydroxy-5-deoxystrigol. As additional steps in the biosynthesis of 
other SLs are discovered, the CL strain will act as a background for engineering production of these 
diverse SLs.   
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As an alternative pathway to SL production, CL produced in E. coli could be fed to live yeast or yeast 
microsomes. Previous reports have demonstrated activity of several CYP711a homologues in yeast 
or yeast microsomes 166,179,188. However, this approach is likely to pose additional challenges to 
commercial viability than a single-step platform.  
6.3.3 Deployment of the SL biosensors for metabolic engineering 
Conversion of CL to an active SL (such as 4DO, orobanchol or 4-hydroxy-5-deoxystrigol as discussed 
in 6.3.2) would enable the SL fluorescent biosensor to be deployed as a screening platform in the 
proof-of-principle strain.  
Strain engineering will use the high throughput build capability available through the CSIRO-UQ 
BioFoundry. In the proof of principal strain, modular cloning will enable combinatorial pathway 
manipulation, varying expression levels to balance pathway flux and minimise metabolic burden. Co-
expression of the biosensor would enable direct monitoring of SL production in live cultures, thus 
reducing test phase from extraction and mass spectrometric analysis, to a plate reader assay.  
For such screening applications, it will be important to have low variability in biosensor expression 
levels across cells. Furthermore, since the detection range of the biosensor will be determined by its 
expression level, it would be valuable to be able to tune biosensor expression in a simple and reliable 
manner. A plasmid-based expression system that satisfies both of these requirements has been 
described, and would be suitable for expression of the biosensor 466. The origin and antibiotic 
resistance marker of this system is compatible with the EcoFlex modular cloning system used in this 
thesis.  
 
6.4 Final remarks 
The combination of a CL-producing strain and SL biosensors provides a powerful platform for SL 
strain engineering. These components constitute a toolbox that will support screening of enzymes that 
functionalise CL for SL activity, offering the capacity to differentially detect hormonal and parasitic 
seed germination activities. The toolbox will also enable SL titres to be measured in high-throughput, 
enabling high-throughput strain improvement that will expedite economic viability of any production 
platforms. This will pave the way to developing sustainable sources of SLs to address some of the 
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grand challenges in agriculture, making it possible to feed a growing population on limited and 
degrading land in the face of increasingly frequent and severe abiotic stresses.  
More broadly, metabolic engineering toolboxes comprising a proof-of-principle strain and target 
product biosensor are widely applicable, and may become increasingly important in the future for 
debottlenecking the test phase of microbial engineering projects. For such applications, the use of 
enzymes as biosensor input domains is expected to be generalizable. This approach greatly expands 
the availability of characterised, high-specificity metabolite recognition domains, which may 
expediting biosensor development.   
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Appendix 1: Synthesised coding sequences used in Chapters Two – Four  
AtD27ΔTP atgaacaccaagttgtccttgtcccaaactaagattttcactttcactacctggttcaacgacactagatctggtttggatagaagatc
ctctatttctccaaccttgtgttctaagccagtttactctggtaaattgaaggctgctaaagaaaccgctagaatcgaaacttctaaca
ccaagaacgcctccattgaagattcattcttctccaaaattgccatcaactacttgtccaagaacttgcaagatgctgctggtatttcct
cctcttctaaatctactgattacgacagattggttgataccgctactagagtctctagaaatttcgataccaagcaacaacatgaattc
gtcttgtcctctttagatagagctttgccaaccgttatctcctccttgatcaaaatggcttttccaccatctaaggtttccagagaattatt
cgctttgttcaccaccatttctttcgcttggttggttggtccatctgaagttagagaaactgaagtcaacggtagaaaagaaaagtcc
gttgtctacatcgaaaagtgcagattcttggaacaatctaactgtgttggtatgtgtacccatatctgcaagattccatcccaaatcttc
atcaagaactcattgggtatgccaatctacatggaaccagatttcaacgatttgtcctgcaagatgatgtttggtagagaaccacca
gaaatcgaagatgatccagctatgaagcaaccatgtttcgaattctgtaagtccaacaaatcctacggtgttaagcactga 
AtCCD7ΔTP atgtccttgccaattccaccaaagtttttgccaccattgaaatccccaccaatccatcatcatcaaactccaccaccattggctccac
caagagctgctatttctatttcaattccagataccggtttgggtagaaccggtactattttggatgaatctacttcctctgccttcagag
attaccaatctttgttcgtcagtcaaagatccgaaaccattgaaccagttgttatcaagccaatcgaaggttctattccagttaatttcc
catccggtacttattacttggctggtccaggtttgtttactgatgatcatggttctactgttcacccattggatggtcatggttatttgaga
gctttccatatcgatggtaacaagagaaaggctactttcactgctaagtacgttaagaccgaagccaaaaaagaagaacacgatc
cagttactgatacttggagattcactcatagaggtccattctctgttttgaaaggtggtaagagattcggtaacaccaaggttatgaa
gaacgttgctaacacttccgttttgaaatgggctggtagattattgtgtttgtgggaaggtggtgaaccatacgaaattgaatctggtt
ctttggataccgtcggtagattcaatgttgaaaacaacggttgcgaatcttgcgacgatgatgattcttctgatagagatttgtccggt
catgatatttgggatactgctgctgatttgttgaagccaattttacaaggtgttttcaagatgccaccaaagagattcttgtcccattac
aaagttgacggtagaagaaagagattattgaccgttacttgcaacgccgaagatatgttgttgccaagatctaacttcaccttctgc
gaatacgattccgaattcaagttgatccaaacaaaagaattcaagatcgacgaccacatgatgatccatgattgggcttttacagat
acccactacattttgtttgccaacagagttaagttgaacccaattggttctattgctgctatgtgtggtatgtctcctatggtttctgcttt
gtctttgaacccatctaacgaatcttccccaatctatatcttgcctagattctccgataagtactctagaggtggtagagattggagag
ttccagttgaagtttcttctcaattgtggttgatccattctggtaacgcttacgaaactagagaagataacggtgacttgaagattcaa
attcaagcttctgcttgctcctacagatggtttgattttcaaaagatgttcggttacgactggcaatccaacaaattggatccatctgtt
atgaacttgaacagaggtgatgacaagttgttaccacacttggttaaggtttctatgaccttggattctaccggtaactgtaactcttgt
gatgttgaacctttgaacggttggaacaagccatctgattttccagttattaactcctcttggtccggtaaaaagaacaagtatatgta
ctctgctgcctcctctggtactagatctgaattgccacattttccattcgatatggttgtcaagttcgacttggactctaacttggttaga
acttggtctactggtgctagaagatttgttggtgaacctatgttcgtcccaaagaattctgttgaagaaggtgaagaagaagacgac
ggttatatcgttgttgttgaatacgctgtttccgtcgaaagatgctacttggttattttggacgccaaaaagatcggtgaatctgatgct
gttgtttcctctgttaacaaggtttacattgctaagatcaactacatcatctgcgtccactcattctacttcgatagaaacattgccttcc
acttgtctcacaagtga 
AtCCD8ΔTP atggcctctttgattactaccaaggctatgatgtctcaccatcacgttttatcctctactagaattaccaccttgtactccgataactcca
ttggtgatcaacaaatcaagaccaaaccacaagttccacatagattattcgctagaagaatcttcggtgttaccagagctgttattaa
ctctgctgctccatctccattgccagaaaaagaaaaagttgaaggtgaaagaagatgccacgttgcttggacatctgttcaacaag
aaaattgggaaggtgaattgaccgttcaaggtaaaattccaacttggttgaacggtacttacttgagaaatggtccaggtttgtgga
atatcggtgatcatgatttcagacacttgttcgatggttactctaccttggttaagttgcaatttgatggtggtagaattttcgccgctca
cagattattggaatctgatgcttacaaggctgccaaaaagcacaatagattgtgttacagagaattttccgaaaccccaaagtccgtt
atcattaacaagaatccattctccggtatcggtgaaatcgtcagattattttctggtgaatccttgaccgataacgctaatactggtgtt
attaagttgggtgatggtagagttatgtgtttgactgaaactcaaaagggttccattttggttgatcacgaaaccttggaaactatcgg
taagttcgaatacgatgatgttttgtccgatcacatgattcaatctgctcatccaatcgttactgaaactgaaatgtggaccttgattcc
agatttggttaagccaggttacagagttgttagaatggaagctggttctaacaagagagaagttgttggtagagtcagatgtagatc
tggttcttggggtcctggttgggttcattcttttgctgttaccgaaaactacgttgtcattccagaaatgccattgagatactccgttaag
aatttgttgagagctgaacctaccccattatacaagtttgaatggtgtccacaagatggtgccttcattcatgttatgtctaagttgact
ggtgaagttgtcgcttctgttgaagttccagcttacgttactttccatttcattaacgcctacgaagaagataagaatggtgacggtaa
agccaccgttattattgctgattgctgtgaacataacgccgataccagaattttggacatgttgagattggacaccttgagatcttctc
atggtcacgatgttttgccagatgctagaataggtagattcagaattccattggacggttccaaatacggtaaattggaaactgctgt
tgaagccgaaaaacatggtagagcaatggatatgtgttccatcaatccattatacttgggtcaaaagtacagatacgtttacgcttgt
ggtgctcaaagaccatgtaattttccaaacgctttgtccaaggttgacatcgttgaaaaaaaggttaagaactggcatgaacacggt
atgattccatctgaaccattttttgttccaagaccaggtgctactcatgaagatgatggtgttgttatctccatcgtcagtgaagaaaat
ggtggttctttcgccattttgttggatggttcttcattcgaagaaattgctagagctaagttcccatatggtttgccatacggtttacatg
gttgttggattccaaaggactga 
OsD27ΔTP cctaggaaaaaaatggccgtgatggcaaggccacaggaggcaccagctagcgcccctgctaaaaaaacggagacggctgcc
atgatgagcactgttcaaaccgaaacagcggcggcccctcctgctacggtgtatagggacagctggttcgacaaattagcgata
ggatacctgtcaagaaatcttcaggaggctagcggcttaaagaacgaaaaggatggttacgaatccctgatagatgcagcgttag
ctatttcacgtattttttctcttgataagcagtcagagatagtcacgcaagctctagaaagagccctgccgtcttacatcctgacgatg
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atcaaggttatgatgccaccgtctagatttagtagagaatatttcgccgcatttactactatttttttcccgtggcttgtcggaccctgtg
aagttatggagagtgaggttgaagggagaaaggaaaagaatgtcgtttacatacctaaatgtcgtttcctggaaagtacgaattgt
gtggggatgtgtacgaatctatgtaaaataccctgtcaaaaattcattcaggacagtttaggtatgaaggtgtatatgtctccaaactt
cgaggacatgagttgtgaaatgatcttcggtcagcagcctccagaggacgatccggctcttaaacaaccatgctttcgtactaagt
gtgtggcgaaacaaaaccacggggtaaactgctccatctaagacgtc 
DbD27ΔTP cctaggaaaaaaatggggggagcctgggcttcttcagatcaggtaagtctggcagtcaccggacaggagaagaaggacccgtt
tgcggaacgtactgaatataatgacaatttcgtggatctgttcatccttaacatattgacccgtgaattagctatacagcaaggaggt
ggcgtttacgtgccagacaggcctacttatgacgatttcgtcagagtctctaaggagattatgaagggcaggactgcagatcagc
agaaaaccgttattctgaagaccttaaaaagtctgatgcctgggtttctaattactgtttatcgtggcctattcagaccggctaagtgg
agtgcggaacttaatgcctttatggctccgcttatgttcttctggcttgtaggggacatggagagacaaaggggggatatcaaaata
agcccaaccgaggttaggagccagaacagcattgtgaagatcaaaaaatgtcgttacttagaagccagcggatgtgttggcgcg
tgcaacaatttctgtaaagcaccgactcaggacttctttatgaacgatatgggtatgccacttactatgaaacctaactttgaagattta
tcctgtgagatgatcttcggccaggtgcgtcgtatatgttccgaatgtgaggatgccgtgatcgcttttttccaacactgtcgttgtgg
accgcgtgagtggggattcacgacagaagcggcatctaatgctcataaacgtacttgtttaaaggttacctaagacgtc 
Os900 ggatccatatggaaatttctaccgtcttaggcgcgatccttgcggagtatgcagttactctggttgcaatggctgttgggttcttagtc
gtaggctatttatacgaaccgtactggaaggtccgtcacgtgccaggacctgtaccgttacctcttatcggccacttgcacctattg
gctatgcatggcccagacgtgttcagtgtgctgacgcgtaagtatgggccgatatttcgtttccacatgggtagacaaccactggt
catggtggctgatgccgaattatgtaaagaggtcggggtcaagaagttcaaaaatttccctaaccgttccatgccatcacctattact
aatagccctgttcaccagaaagggcttttcttcacgagtggctctcgttggaccactatgagaaacatgattttgtccatttatcaacc
atcacaccttgcgacgcttatccccagtatggagagctgcatcgaacgtgctgctgaaaacttagagggtcaagaggagatcaat
ttctctaagttatccttatcattcacaacggacgtcttggggcaggctgcatttgggacagattttggcctgagcaagaagttagcct
cttctgacgacgacgaggacactcgtaaaattgctgccgacacatgtgcggaggcaaaagcatcttccgaattcattaagatgca
cgtgcacgccacgacttctcttaagatggatatgtctgggtctctgtccattattgtggggcagctgttgccttttttacacgagccgtt
tcgtcaagtgttgaaacgtcttagatggacagccgaccatgaaattgatagagtgaaccttactttaggccgtcaattggacagaat
agtagctgaacgtaccgccgcgatgaagcgtgatccggctgcgttacaacagcgtaaggattttctgagcgttatgttgactgcca
gagagtctaataaaagtagccgtgaacttttaacccctgattacatctccgcgctgacctatgagcacttacttgctggtagtgctac
taccgcctttacactgactacggcgttatacttggtcgcgaaacatccagaggttgaagaaaagctgttgcgtgaaattgatggcttt
ggtcctcgtgaccgtgttcccacagctgaagatttgcagacaaaatttccctacttagatcaggttttgaaagaagcaatgcgttact
accctagttcacctttgattgcgcgtgaactgaaccagcagttggaaatcggtggttaccctcttccgaagggcacctgggtttgga
tggcgccaggtgtgttgggcaaagacccaaaaaactttccagaacctgaagtttttcgtccagaacgtttcgaccctaatggtgag
gaggagaagcgtcgtcacccttacgcactgttcccttttggtatcgggccacgtgcctgcatcggtcagaagtttgccattcagga
aatgaaattgtcagcgattcacttttaccgtcattacgtgttccgtcccagtccgtcaatggagtcccctcctgagttcgtctacagca
tcgtctccaactttaagaacggcgctaagctgcaagtaattaaacgtcacattccgtcgacacatcatcatcaccatcattaagcgg
ccgctctagaagctt 
Os1400#6Opt atggaaattattagtactgttcttggtagcaccgccgaatatgctgtaactcttgttgccatggcagtgggtcttctgctgttgggttatc
tttacgagccttattggaaagttcgtcatgtgccaggacctggatccatatggctaaaaaaacgagctctaaaggaaaactagtacc
aggacctgttccgcttccttttatcggccaccttcaccttttagctatgcacgggcctgatgtcttcacagtgttggcccgtaagtatg
gtcctgtattccgttttcacatgggtcgtcaaccgttagtgatggtcgcggacgctgaactttgtaaagaagtaggcgtcaaaaaatt
taagagcatccctaatcgtagtatgccatctgcaattgccaacagtcttattaatcagaaaggcctgtgttttacgcgtggttcccgtt
ggacggcccttcgtaatatgattataagtatctaccagccttctcacttagccagtttaattcctacaatgcagagctgtattgaatgcg
tcagtaaaaatttagatgggcaggaggatattacattttccgaccttgcattgggctttgcaactgacgttatcggtcaagctgccttt
ggtacagacttcggcttgtccaagattagtgcgagttctaatgatgacgatatcgacaaaattgcgactgatacatctgctgaagca
aaagcgagttctgagtttatccgtatgcatgtacatgcgacgacctcccttaaaatggacctgtctggctcattatccattattattggc
caactgcttccttttctgcaagagcctttccgtcaagtcctgaaacgtatcccatggaccgccgaccacgaaatcgatcatgtcaac
ctggcacttggtggtcagatggacaagattgtagctgagcgtgccgcagcgatggagcgtgaccaggcggcgccgcacgcac
aacaacgtaaagacttcctgtccgtagttctggctgctcgtgagtctaacaagtcatggcgtgaactgcttacacctgattacatttca
gccttaacctatgagcatcttttagctggctctgcgactacagcgttcaccttgtcaaccgttctgtacctggtgagcaaacatccgg
aggtagaagaaaaattacttcgtgagattgatggctttgggccgcacgatcatgccccgacggcggaggatttacaaacgaagtt
cccttacctggaccaggttgtgaaggagagcatgcgtttttatttcctgtcacctttgatcgcacgtgagacctgtgagcaagtagag
attgggggttacgcattgcctaaagggacgtgggtttggctggctcctggtgtactggctaaagatcctaagaatttcccagaacct
gaagtatttcgtccagaacgttttgaccctaatggcgaggaggagaaacgtcgtcacccgtacgcgtttattccttttggtatcggcc
ctcgtgcgtgtattggccaaaagtttagcattcaagaaatcaagctgtccgtgattcacctttaccgtaactacgtctttcgtcactcac
cttcaatggagtcaccgttggaatttcaatattccattgtatgtaacttcaaatatggcgttaaattacgtgttatcaagcgtcacacgg
cgtcgacacatcatcatcaccatcattaagcggccgctctagaagctt 
ATR1 cgacacatcatcatcaccatcattaagcggccgctctagaaataattttgtttaactttaagaaggagatataaatatgaccagcgca
ctgtatgcaagcgacctgttcaaacagctgaaaagcattatgggcaccgatagcctgagtgatgatgttgttctggttattgcaacc
accagtctggcactggttgcaggttttgttgtgctgctgtggaaaaaaaccaccgcagatcgtagcggtgaactgaaaccgctgat
gattccgaaaagcctgatggcaaaagatgaagatgatgatctggatttaggtagcggtaaaacccgtgttagcatcttttttggcac
ccagaccggcaccgcagaaggttttgccaaagcactgagcgaagaaattaaagcccgttatgaaaaagcagccgtgaaagttat
196 
 
cgatctggatgattatgcagcagatgatgaccagtatgaagagaagctgaaaaaagaaaccctggcctttttttgtgttgccacctat
ggtgatggtgaaccgaccgataatgcagcacgtttctataaatggtttaccgaagaaaacgagcgcgatattaaactgcagcagct
ggcctatggtgtttttgcactgggtaatcgtcagtatgaacactttaacaaaattggcatcgtgctggatgaagaactgtgtaaaaaa
ggtgcaaaacgcctgattgaagttggtttaggtgatgacgatcagagcatcgaagatgattttaatgcatggaaagaaagcctgtg
gtccgaactggataaactgctgaaagatgaggacgataaaagcgttgcaaccccgtataccgcagttatcccggaatatcgtgttg
ttacccatgatccgcgttttaccacacagaaaagcatggaatcaaatgtggcaaatggcaacaccaccattgatattcatcatccgt
gtcgtgttgatgttgcagttcagaaagaactgcatacccatgaaagcgatcgtagctgtattcatctggaatttgatattagccgtacc
ggcattacctatgaaaccggtgatcatgttggtgtgtatgccgaaaatcatgtggaaattgttgaagaagcaggcaaactgctgggt
catagcctggatctggtttttagcattcatgccgataaagaagatggtagtccgctggaaagcgcagttccgcctccgtttccgggt
ccgtgtaccttaggcacaggtctggcacgttatgccgatctgctgaatccgcctcgtaaaagcgcactggtggcactggcagcct
atgcaaccgaaccgagcgaagcagaaaaactgaaacatctgaccagtccggatggtaaagatgaatatagccagtggattgttg
caagccagcgtagcctgctggaagttatggcagcatttccgagcgcaaaaccgcctctgggtgttttttttgcagcaattgcaccgc
gtctgcagcctcgttattatagcattagcagcagtccgcgtctggcaccgagccgtgttcatgttacctcagcactggtttatggtcc
gacaccgacaggtcgtattcataaaggtgtttgtagcacctggatgaaaaatgcagttccggcagaaaaaagccatgaatgtagt
ggtgcaccgatttttatccgtgcaagcaactttaaactgccgagcaatccgagcacaccgattgttatggttggtcctggtacaggc
ctggcaccgtttcgtggttttctgcaagaacgtatggcactgaaagaggatggcgaagaactgggtagcagcctgctgttttttggt
tgtcgtaatcgccagatggatttcatctatgaggatgaactgaacaactttgttgatcagggtgttattagcgaactgattatggcattt
agccgtgaaggtgcacagaaagaatatgtgcagcataagatgatggaaaaagccgcacaggtttgggatctgattaaagaagaa
ggttatctgtacgtttgcggtgatgcaaaaggcatggcacgtgatgttcatcgtaccctgcataccattgttcaagaacaagaaggt
gtgagcagcagcgaagccgaagcaattgttaaaaaactgcagaccgaaggtcgttatctgcgtgatgtttggtaagcttatcgatg
ataagctgtcaaacatgagcagatctg// 
D27h1disorder ggggacaagtttgtacaaaaaagcaggcttcgagaacctgtattttcagggtgaactgtggtgggatcgtaccgcactgagcatg
tttcgtggtgcaatggttaaaaatctgggtcaagatgttatggaacagggttatgatggtgttatgcgtctggcactgatgctgaatc
agcgttatgaaccgctggaaacccgtgcacgtacccgtagcattctgcgtagcctgtttccggtttttatcattaaactgtttccgctg
atgtttgcacgtccgtttccggcatttagcgcaaaactgaatgcatatattaccagcgttacctgtagctggctgatgggtccgatga
aactgtttgatctgaaagccgaagaaatggaagatgattggggtgatgatgcaggtaaaagccagggtattctggttgaacgttgt
cgttttctggaagaaagcggttgtgcaagcgtttgcattaatacctgtaaagttccgacgcaagagttcttcattaaagatatgggtat
tccgctgagcatggaaccgaattatgatacctttgaatgcgagttcaaattcggtaaacgtccgctgcagcaggatacagatgaaa
tctttaccacaccgtgttttcagcagtgtccgagcaaataagacccagctttcttgtacaaagtggtcccc 
D27h2disorder ggggacaagtttgtacaaaaaagcaggcttcgagaacctgtattttcagggtattgaagcatggcctcataatgcactgattcagc
acctgtttcgtagcaaaatggttcaggcactgggtagtgatgttcagaccgaaggttatcaggcaattattgatctgacccgtcagc
tgaataatctgaaaccgcaagaaacccaggcacgtaccgttgaaattctgaaaagcctgtttccgagctggctgctgcctgcattt
aaagttatgtttagcgaaccgatgccggaatttgcctgtaaaatgaatgcatgggcaaccgcactgacctgtgaatggctgatggg
tccgctgaaagttaatgatgttgaagttgatggtggtaaagttggtgttagccagggtgttgaagtgcagcgttgtcgttatctggaa
gaagcaggttgtaccagcatttgtgttaatagctgtaaagttccgacgcagaccttttttgcacaagaaatgggtctgccgctgacc
atgacaccgaattatgaaacctatagctgccagtttagctttggtgcaacaccgcctccgcagagcgaagatccggcatttaccgc
aagctgttatagccagtgtccgagcaaacagcgtcgtaaaggtggtgcatttgaagaactgcaggttatggcagcacaggcacg
tgcgggtgcactgcctgccggtgttagcggtgttccggcagaaagcgaacgttgtgaaaaagttggtccgagcgcataagaccc
agctttcttgtacaaagtggtcccc 
D27h3disorder ggggacaagtttgtacaaaaaagcaggcttcgagaacctgtattttcagggtcagaaaaccaaatataacgacggcttttttgaga
aggcattcatgaccctgtttgcccgtaaaatggaaaattttgcagcaaatagcccgaaggccgaaaaaaaaggttggtgggaaca
tgattatgagagctttgttgatgttagcaaacgtgttatgcagggtcgtagccgtattcagcagcagcaggttgttcgtgaagttctg
ctgagcatgctgcctccgggtgcaccggcacagttccgtaaactgtttccgcctaccaaatgggcagcagaatttaatgcagcac
tgaccgttccgttttttcattggctggttggtccgagcgaagttattgaagttgaagtgaatggcgagaaacagaaaagcggtgtgc
atatcaaaaaatgccgctatctggaaaattcaggttgtgttggtatgtgcgtgaacatgtgtaaaattccgacacaggattttttcacc
aacgaatttggtctgccgctgaccatgattccgaattttgaagatatgagctgcgaaatggtttatggtcaggttccgcctccgtttga
agaagatccggttagcacccagccgtgctatgcagaaatttgtagcatgagcaatccgagcagcagcgtttgtccgaaactgca
ggcataagacccagctttcttgtacaaagtggtcccc 
D27h4disorder ggggacaagtttgtacaaaaaagcaggcttcgagaacctgtattttcagggtagcagcgtttttgataacctgtttctgagcctgtttc
gcaacaaaatggttcaagaaaccggttgggatagccagaaaccgggttatgaaggtctgattgaagttgcacatcgtctgaccct
ggcacaggataatagtcagacccgtgatgcagcagttcgtattctgcgtagtctgtttccgcctctgctgctggaactgtatcgtatg
ctggttgcaccgattgatggtggtaaatttgcagcactgatggttgcacgtgttaccgcactgagctgtcagtggctgatgggtccg
tgtagcgttaatagcgttgatctgccgaatggtagcagcctgatgagcggtgtttttgttgaaaaatgcaagtacctggaagaaagc
aaatgtgttggtgtgtgcattaatacctgtaaactgccgacacagacctttttcaaagatcatatgggtgttccgctgctgatggaac
cgaattttaccgattatagctgccagttcaaatttggtattctgcctccgcagcaagaatttgatgatacactgaaagaaccgtgcct
ggaaatttgtccgaatgcagttcgtcgtaaagaaatgaatcatagcacccatgcacataaatgtccgcgtgcataagacccagcttt
cttgtacaaagtggtcccc 
D27h5disorder ggggacaagtttgtacaaaaaagcaggcttcgagaacctgtattttcagggcaccgtttatagcgataattggtttgatcgtctggc
aattcgtcatctgagccagagcgttcaggcagcaaccggtctgcgtaatgaaaaagaaggttacgatagcctgatggaagcagc
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aagcatggcagcacgtaattttgatgttaaagatcagcagatgctggttaccgaagcactgaaaaaagcatttccgaaaccgattc
tgggtatgattcgtgcagttacccctccgagcaaatttagccgtgaatattttgcagcatttaccacgctgttttttccgtggctggttg
gtaaatgtgaagttcgtgaaagcgaatttcatggtcgcaaagaaaaaaacgtggtgtttattccgaaatgccgttttctggaaggca
ccaattgtgcaggtatgtgtaccaatctgtgtaaaattccgagccagaaattcatcaaagatagcctgggtatgccggttcatatga
gcccgaattttgaagatatgagctgcgaaatgatctttggtcaagaaccgcctaaagatgatccggcactgaaacagccgtgttat
accaaactgtgtgttgcaaaacagacccatggtgttacctgtagcagctaagacccagctttcttgtacaaagtggtcccc 
OsD27 N-
terminal 
fragment 
tgttaagcttctgtatattctgcccaaattcgcgaccggtatggagaccaccacgcttgtgctgcttcttcctcatggcggcgccggc
ggcgtacggccggcggcagcggcaacggcgaagcgaagctacgtgatgaggaggtgttgctcgacggtgagggcggtcat
ggcgaggccgcaagaggcgccggcgtcggcgccggccaagaagacggagacggcggcgatgatgtcgacggtgcagac
ggagacggcggcggcgccgccggcgacggtgtaccgggacagctggttcgacaagctcgccattggttacctgtccaggaac
cttcaagaagcttctgggctaaagaatgaaaaggatggctacgagagcctgatagatgccgccctagccatctcaagaatcttca
gtctggataaacaaagcgagattgtgaccca 
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Appendix 2: Oligonucleotide primers used in Chapters Two – Four  
A cctcactaaagggaacaaaagctggagctcttatattgaattttcaaaaattcttacttt 
1 agccatttttttcctaggtatagttttttctccttgacgttaaa 
2 gaaaaaactatacctaggaaaaaaatggctgctaaagaaaccg 
3 ttctaacaaaacttcgacgtctcagtgcttaacaccgtagg 
4 aagcactgagacgtcgaagttttgttagaaaataaatcattttt 
5 cgaattgggtaccgggccccccctcgaggctaagcattgtagcaaagattgtaaggaaat 
8 tctcacaagtgaacgcgtgctggttgatggaaaatataatt 
9 atagggcgaattgggtaccgggccccccctcgagcgtacgtggtagtgccaccacctat 
10 ctcaaaacctgcaggaaaaaaatggctgctatttctatttcaat 
11 ccatcaaccagcacgcgttcacttgtgagacaagtggaa 
12 gctatttccttacaatctttgctacaatgcttagctttgccagcttactatccttc 
13 cagccatttttttcctgcaggttttgagggaatattcaactgtt 
14 agcagcttacataggtggtggcactaccacgtacgtgtactaatccaaggaggtttac 
15 agccatttttttggccatatgaaagaattattttttttattatgt 
16 caaaggactgaggccggccgcggattgagagcaaatc 
17 tatagggcgaattgggtaccgggccccccctcgagacgccacagaaacctcag 
18 attctttcatatggccaaaaaaatggctgttattaactctgctg 
19 tctcaatccgcggccggcctcagtcctttggaatccaa 
21 accacttatccgaattgtgatcgaatttacgtagcccaatc 
22 caagatatttcttgaatcaggcatttaaatattggtcgtttttgtgcag 
23 cccacagttaactgcggtcaagatatttcttgaatcaggcat 
24 tgatgccgcatagttaagccttccaaggaggtgaagaacg 
25 cgttcttcacctccttggaaggcttaactatgcggcatc 
26 tttttgaaaattcaatataaaggcaagtgcacaaacaatac 
27 agtattgtttgtgcacttgcctttatattgaattttcaaaaattcttacttt 
28 tcatctatcttggcctccattatagttttttctccttgacgttaaag 
29 gtcaaggagaaaaaactataatggaggccaagatagatga 
30 attgggctacgtaaattcgatcacaattcggataagtggtc 
32 aacctccttggattagtacatgcgtagtgagttcggtgtt 
33 aacaccgaactcactacgcatgtactaatccaaggaggtttacg 
34 tgatcttgttcttttcccattatgaaagaattattttttttattatgttaatct 
35 aaaaaaataattctttcataatgggaaaagaacaagatcagg 
36 ctcttttgtttttctcgagatcagaaagcaagaacaccaac 
37 ttggtgttcttgctttctgatctcgagaaaaacaaaagagttaat 
38 aaggatagtaagctggcaaattggtcgtttgtcatcaag 
39 gcttgatgacaaacgaccaatttgccagcttactatccttctt 
40 taatatgcgagagccgtcatttttgagggaatattcaactgttt 
41 agttgaatattccctcaaaaatgacggctctcgcatatt 
42 acgatttgctctcaatccgcttactgcccttcccatcc 
43 gcggatgggaagggcagtaagcggattgagagcaaatc 
44 tacagtgctgacgtcccatcacgccacagaaacctcag 
45 ttctgaggtttctgtggcgtgatgggacgtcagcactg 
46 aaagggaacaaaagctggagctatttaaattatcttaatttgacgtacacaaattc 
47 gcgcaattaaccctcactaaagggaacaaaagctggag 
48 aggatgttcgcgtaatccattatagttttttctccttgacgttaaag 
49 gtcaaggagaaaaaactataatggattacgcgaacatcc 
50 attgggctacgtaaattcgatcacagagggatatcggcta 
51 tagccgatatccctctgtgatcgaatttacgtagcccaatc 
130 tatacacacatttacaatggaaatttctaccgtcttagg 
131 tccctttgcaaatagtcctactagtttaaatgtgacgtttaattacttgcag 
149 cgggaatctcggtcgtaatgatttaaatgcatgcaagcttgatcaaaaatcatcgcttcg 
150 agctatgaccatgattacgccaccatggtatggatccgtatgttgtctttgaagatgcac 
165 ttcctcgacgctaacctg 
210 tgtaaaacgacggccagtgccaagcttgcctgcaacgtcttagatggagcagtttacc 
211 catatgcaccatcatcaccatcacaaaatcgaagaaggtaaactgg 
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212 acgagcacttcaccaacaaggaccatagcatatgcaccatcatcacc 
220 ccttccctcgatcccgag 
221 aataacaacaacctcgggatcgagggaagggcagtgatggcaaggccacag 
223 accttgaaaatataaattttccccgaggttgttgttattg 
224 aacctcggggaaaatttatattttcaaggtgcccctcctgctacggtgtat 
225 gggtatgtatatctccttcttaaagttaaacaaaattattttactgttttggaaccca 
226 aataattttgtttaactttaagaagg 
227 atgctatggtccttgttggtgaagtgcctagctagctgcccagaa 
228 taggcacttcaccaacaagga 
230 ccgccaaaacagccaagctggagaccgtttttagatggagcagtttaccc 
271 tttcacgagcacttcaccaacaaggaccatagcatatgaaaatcgaagaaggtaaactgg 
272 tgcggccgcattagtctgcgcggctgccagggctgcatcgacagtctg 
281 ctggcagccgcgcagactaatgcggccgcaaccgtttatagcgataattggtt 
283 ctggcagccgcgcagactaatgcggccgcagcccctcctgctacggtg 
299 cgttgtaaaacgacggccagtgccaagcttttagctgctacaggtaacaccat 
300 cgttgtaaaacgacggccagtgccaagcttttagatggagcagtttaccccgt 
307 ttaggtgttttcacgagcac 
308 accttgaaaatataaattttcccc 
309 aacctcggggaaaatttatattttcaaggttggttcgacaaattagcg 
310 aacctcggggaaaatttatattttcaaggttcaagaaatcttcaggaggc 
311 aacctcggggaaaatttatattttcaaggtaagaacgaaaaggatggttacg 
318 tgtaaaacgacggccagtgccaagcttgcctgcatcatttcgccacacacttagtacgaa 
320 tgtaaaacgacggccagtgccaagcttgcctgcatcactgctgaccgaagatcatttc 
321 aaaacgacggccagtgccaagcttgcctgcatcagtcctcgaagtttggagacatataca 
329 gtcgtcagactgtcgatgaagccctgaaagacgcgcagactaattcgagctgacctgcag 
330 cagtcacgacgttgtaaaacgacggccagtgccaagcttgcctgcaggtcagctcgaatt 
343 aacctcggggaaaatttatattttcaaggtgacagctggttcgacaaattag 
344 gtaaaacgacggccagtgccaagcttgcctgcatcaacacttagtacgaaagcatggttg 
406 cttctagaatctagagacgcatatgggtctcactatttatgacaacttgacggctacatc 
407 tctagaatctagagacgcatatgggtctcactataagaaaccaattgtccatattgcatc 
408 ggactgcagctaatgagacggcatgcggtctctgtacatggagaaacagtagagagttgc 
414 ggactgcagctaatgagacggcatgcggtctcttatgcagcgaagctttttgttctgaag 
415 ttctagaatctagagacgcatatgggtctcataaaatgaaaatcgaagaaggtaaactgg 
416 cggactgcagctaatgagacggcatgcggtctcttatggttcgagctcgaattagtctgc 
417 taaaggctataacggactcgctgaagtcggtaagaaa 
418 accgacttcagcgagtccgttatagcctttatcgccg 
419 agaatctagagacgcatatgggtctcataaaatgggatctgataaaattattcatctgac 
420 ccggactgcagctaatgagacggcatgcggtctcttatgagaaccggatccagagccggc 
421 cggccgcttctagaatctagagacgcataggtctcacatatggcagtgatggcaaggcca 
422 ctgcagctaatgagacggcatgggtctcttcgaggatccttagatggagcagtttacccc 
423 taaaaaaacggagacagctgccatgatgagcact 
424 gctcatcatggcagctgtctccgtttttttagcaggg 
425 ggccgcttctagaatctagagacgcataggtctcacatatgatgcaagccaaacccattc 
426 ttctagaatctagagacgcataggtctcacatatgtcccaaacaataaccaaaccaaaac 
427 actgcagctaatgagacggcatgggtctcttcgaggatccctagctagctgcccagaaac 
428 gccgcttctagaatctagagacgcataggtctcacatatgatggctttcatagcctcacc 
429 cttctagaatctagagacgcataggtctcacatatgagctccatttcatggcaaaatatg 
430 gcagctaatgagacggcatgggtctcttcgaggatccttactgttttggaacccagcatc 
431 gatagaccctgagacattggagacaattggaaagtttgag 
432 tccaattgtctccaatgtctcagggtctatcactatgg 
437 ccatctccttgcatgtttgtttatttttctaaatacattcaaatatgtatcc 
438 gcgaaaatgagacgtttaccaatgcttaatcagtgagg 
439 attaagcattggtaaacgtctcattttcgccaaaag 
440 agaaaaataaacaaacatgcaaggagatggcgc 
446 actgctccatcggtggaggaggtggaagtatgaaaatcgaagaaggtaaactgg 
447 gtcacgacgttgtaaaacgacggccagtgccaagcttttaagtctgcgcgtctttcagg 
448 agcgataggatacctgtcaaga 
449 gtttaccttcttcgattttcatacttccacctcctccaccgatggagcagtttacccc 
454 ggatccatcgatgcttaggag 
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455 cggccgcttaatgatggtg 
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Appendix 3: Crystallisation screening conditions  
Appendix 3, table 1. PS Gradient screening conditions 
Well Concentration Units Chemical, pH pH Recipe 
A1 (1) 
0.5 M ammonium sulfate; 
 
5.9 
> A1 
500 μl of: ammonium sulfate (1M) 
500 μl of: H2O 
A2 (2) 
1 M ammonium sulfate; 
 
5.8 
> A2 
1000 μl of: ammonium sulfate (1M) 
A3 (3) 
1.5 M ammonium sulfate; 
 
5.8 
> A3 
428.6 μl of: ammonium sulfate (3.5M) 
571.4 μl of: H2O 
A4 (4) 
2 M ammonium sulfate; 
 
5.8 
> A4 
571.4 μl of: ammonium sulfate (3.5M) 
428.6 μl of: H2O 
A5 (5) 
2.5 M ammonium sulfate; 
 
5.7 
> A5 
714.3 μl of: ammonium sulfate (3.5M) 
285.7 μl of: H2O 
A6 (6) 
3 M ammonium sulfate; 
 
5.7 
> A6 
857.1 μl of: ammonium sulfate (3.5M) 
142.9 μl of: H2O 
A7 (7) 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.5 
> A7 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
852.9 μl of: H2O 
A8 (8) 
1 M sodium malonate-malonic acid, 
pH=7.0; 
 
7.5 
> A8 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
705.9 μl of: H2O 
A9 (9) 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.4 
> A9 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
558.8 μl of: H2O 
A10 
(10) 
2 M sodium malonate-malonic acid, 
pH=7.0; 
 
7.4 
> A10 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
411.8 μl of: H2O 
A11 
(11) 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.4 
> A11 
735.3 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
264.7 μl of: H2O 
A12 
(12) 
3 M sodium malonate-malonic acid, 
pH=7.0; 
 
7.3 
> A12 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
117.6 μl of: H2O 
B1 (13) 
0.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.5 
> B1 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
500 μl of: ammonium sulfate (1M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
400 μl of: H2O 
B2 (14) 
1 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.4 
> B2 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
285.7 μl of: ammonium sulfate (3.5M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
614.3 μl of: H2O 
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B3 (15) 
1.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.4 
> B3 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
428.6 μl of: ammonium sulfate (3.5M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
471.4 μl of: H2O 
B4 (16) 
2 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.4 
> B4 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
571.4 μl of: ammonium sulfate (3.5M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
328.6 μl of: H2O 
B5 (17) 
2.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.4 
> B5 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
714.3 μl of: ammonium sulfate (3.5M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
185.7 μl of: H2O 
B6 (18) 
3 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.4 
> B6 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
857.1 μl of: ammonium sulfate (3.5M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
42.9 μl of: H2O 
B7 (19) 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
6.3 
> B7 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
752.9 μl of: H2O 
B8 (20) 
1 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
6.5 
> B8 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
605.9 μl of: H2O 
B9 (21) 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
6.6 
> B9 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
458.8 μl of: H2O 
B10 
(22) 
2 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
6.7 
> B10 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
311.8 μl of: H2O 
B11 
(23) 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
6.7 
> B11 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
735.3 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
164.7 μl of: H2O 
B12 
(24) 
3 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
6.9 
> B12 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
17.6 μl of: H2O 
C1 (25) 
0.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
6.9 
> C1 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
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pH=7.0; 
 
500 μl of: ammonium sulfate (1M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
400 μl of: H2O 
C2 (26) 
1 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
6.8 
> C2 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
285.7 μl of: ammonium sulfate (3.5M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
614.3 μl of: H2O 
C3 (27) 
1.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
6.8 
> C3 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
428.6 μl of: ammonium sulfate (3.5M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
471.4 μl of: H2O 
C4 (28) 
2 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
6.8 
> C4 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
571.4 μl of: ammonium sulfate (3.5M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
328.6 μl of: H2O 
C5 (29) 
2.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
6.7 
> C5 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
714.3 μl of: ammonium sulfate (3.5M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
185.7 μl of: H2O 
C6 (30) 
3 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
6.6 
> C6 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
857.1 μl of: ammonium sulfate (3.5M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
42.9 μl of: H2O 
C7 (31) 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
7.5 
> C7 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
752.9 μl of: H2O 
C8 (32) 
1 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
7.4 
> C8 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
605.9 μl of: H2O 
C9 (33) 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
7.4 
> C9 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
458.8 μl of: H2O 
C10 
(34) 
2 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
7.4 
> C10 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
311.8 μl of: H2O 
C11 
(35) 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
7.4 
> C11 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
735.3 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
164.7 μl of: H2O 
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C12 
(36) 
3 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
7.5 
> C12 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
17.6 μl of: H2O 
D1 (37) 
0.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
7.9 
> D1 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
500 μl of: ammonium sulfate (1M) 
400 μl of: H2O 
D2 (38) 
1 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
7.9 
> D2 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
285.7 μl of: ammonium sulfate (3.5M) 
614.3 μl of: H2O 
D3 (39) 
1.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
7.8 
> D3 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
428.6 μl of: ammonium sulfate (3.5M) 
471.4 μl of: H2O 
D4 (40) 
2 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
7.8 
> D4 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
571.4 μl of: ammonium sulfate (3.5M) 
328.6 μl of: H2O 
D5 (41) 
2.5 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
7.7 
> D5 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
714.3 μl of: ammonium sulfate (3.5M) 
185.7 μl of: H2O 
D6 (42) 
3 M ammonium sulfate; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
7.7 
> D6 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
857.1 μl of: ammonium sulfate (3.5M) 
42.9 μl of: H2O 
D7 (43) 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
8.4 
> D7 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
752.9 μl of: H2O 
D8 (44) 
1 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
8.3 
> D8 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
605.9 μl of: H2O 
D9 (45) 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
8.2 
> D9 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
458.8 μl of: H2O 
D10 
(46) 
2 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
8.1 
> D10 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
311.8 μl of: H2O 
D11 
(47) 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
8 
> D11 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
735.3 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
164.7 μl of: H2O 
D12 
(48) 
3 M sodium malonate-malonic acid, 
pH=7.0; 
10 v/v DL-malate-MES-tris, 
8 
> D12 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
882.4 μl of: sodium malonate - malonic acid pH 7 
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pH=9.0; 
 
(3.4M) 
17.6 μl of: H2O 
E1 (49) 
0.5 M ammonium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.7 
> E1 
21 μl of: citric acid "pH 2.3" (1M) 
500 μl of: ammonium sulfate (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
400 μl of: H2O 
E2 (50) 
1 M ammonium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.7 
> E2 
21 μl of: citric acid "pH 2.3" (1M) 
285.7 μl of: ammonium sulfate (3.5M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
614.3 μl of: H2O 
E3 (51) 
1.5 M ammonium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.6 
> E3 
21 μl of: citric acid "pH 2.3" (1M) 
428.6 μl of: ammonium sulfate (3.5M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
471.4 μl of: H2O 
E4 (52) 
2 M ammonium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.6 
> E4 
21 μl of: citric acid "pH 2.3" (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
328.6 μl of: H2O 
E5 (53) 
2.5 M ammonium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.5 
> E5 
21 μl of: citric acid "pH 2.3" (1M) 
714.3 μl of: ammonium sulfate (3.5M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
185.7 μl of: H2O 
E6 (54) 
3 M ammonium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.5 
> E6 
21 μl of: citric acid "pH 2.3" (1M) 
857.1 μl of: ammonium sulfate (3.5M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
42.9 μl of: H2O 
E7 (55) 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
6.2 
> E7 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
21 μl of: citric acid "pH 2.3" (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
752.9 μl of: H2O 
E8 (56) 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
1 M sodium malonate-malonic acid, 
pH=7.0; 
 
6.3 
> E8 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
21 μl of: citric acid "pH 2.3" (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
605.9 μl of: H2O 
E9 (57) 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
6.4 
> E9 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
21 μl of: citric acid "pH 2.3" (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
458.8 μl of: H2O 
E10 
(58) 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
2 M sodium malonate-malonic acid, 
pH=7.0; 
 
6.4 
> E10 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
21 μl of: citric acid "pH 2.3" (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
311.8 μl of: H2O 
E11 
(59) 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
6.5 
> E11 
735.3 μl of: sodium malonate - malonic acid pH 7 
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2.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
(3.4M) 
21 μl of: citric acid "pH 2.3" (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
164.7 μl of: H2O 
E12 
(60) 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
3 M sodium malonate-malonic acid, 
pH=7.0; 
 
6.5 
> E12 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
21 μl of: citric acid "pH 2.3" (1M) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
17.6 μl of: H2O 
F1 (61) 
0.5 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.4 
> F1 
100 μl of: bis-tris pH 6.5 (1M) 
500 μl of: ammonium sulfate (1M) 
400 μl of: H2O 
F2 (62) 
1 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.5 
> F2 
100 μl of: bis-tris pH 6.5 (1M) 
285.7 μl of: ammonium sulfate (3.5M) 
614.3 μl of: H2O 
F3 (63) 
1.5 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.6 
> F3 
100 μl of: bis-tris pH 6.5 (1M) 
428.6 μl of: ammonium sulfate (3.5M) 
471.4 μl of: H2O 
F4 (64) 
2 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.6 
> F4 
100 μl of: bis-tris pH 6.5 (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
328.6 μl of: H2O 
F5 (65) 
2.5 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.7 
> F5 
100 μl of: bis-tris pH 6.5 (1M) 
714.3 μl of: ammonium sulfate (3.5M) 
185.7 μl of: H2O 
F6 (66) 
3 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.6 
> F6 
100 μl of: bis-tris pH 6.5 (1M) 
857.1 μl of: ammonium sulfate (3.5M) 
42.9 μl of: H2O 
F7 (67) 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.7 
> F7 
100 μl of: bis-tris pH 6.5 (1M) 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
752.9 μl of: H2O 
F8 (68) 
1 M sodium malonate-malonic acid, 
pH=7.0; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.9 
> F8 
100 μl of: bis-tris pH 6.5 (1M) 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
605.9 μl of: H2O 
F9 (69) 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
0.1 M bis-tris chloride, pH=6.5; 
 
7 
> F9 
100 μl of: bis-tris pH 6.5 (1M) 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
458.8 μl of: H2O 
F10 
(70) 
2 M sodium malonate-malonic acid, 
pH=7.0; 
0.1 M bis-tris chloride, pH=6.5; 
 
7.1 
> F10 
100 μl of: bis-tris pH 6.5 (1M) 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
311.8 μl of: H2O 
F11 
(71) 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
0.1 M bis-tris chloride, pH=6.5; 
 
7.1 
> F11 
100 μl of: bis-tris pH 6.5 (1M) 
735.3 μl of: sodium malonate - malonic acid pH 7 
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(3.4M) 
164.7 μl of: H2O 
F12 
(72) 
3 M sodium malonate-malonic acid, 
pH=7.0; 
0.1 M bis-tris chloride, pH=6.5; 
 
7.2 
> F12 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
100 μl of: bis-tris pH 6.5 (1M) 
17.6 μl of: H2O 
G1 (73) 
0.5 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> G1 
52.4 μl of: HEPES pH 6.5 (1M) 
500 μl of: ammonium sulfate (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
400 μl of: H2O 
G2 (74) 
1 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> G2 
52.4 μl of: HEPES pH 6.5 (1M) 
285.7 μl of: ammonium sulfate (3.5M) 
47.6 μl of: HEPES pH 8.5 (1M) 
614.3 μl of: H2O 
G3 (75) 
1.5 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> G3 
52.4 μl of: HEPES pH 6.5 (1M) 
428.6 μl of: ammonium sulfate (3.5M) 
47.6 μl of: HEPES pH 8.5 (1M) 
471.4 μl of: H2O 
G4 (76) 
2 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> G4 
571.4 μl of: ammonium sulfate (3.5M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
328.6 μl of: H2O 
G5 (77) 
2.5 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> G5 
714.3 μl of: ammonium sulfate (3.5M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
185.7 μl of: H2O 
G6 (78) 
3 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.4 
> G6 
857.1 μl of: ammonium sulfate (3.5M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
42.9 μl of: H2O 
G7 (79) 
0.1 M sodium HEPES, pH=7.5; 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.6 
> G7 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
752.9 μl of: H2O 
G8 (80) 
0.1 M sodium HEPES, pH=7.5; 
1 M sodium malonate-malonic acid, 
pH=7.0; 
 
7.6 
> G8 
52.4 μl of: HEPES pH 6.5 (1M) 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
47.6 μl of: HEPES pH 8.5 (1M) 
605.9 μl of: H2O 
G9 (81) 
0.1 M sodium HEPES, pH=7.5; 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.6 
> G9 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
458.8 μl of: H2O 
G10 
(82) 
0.1 M sodium HEPES, pH=7.5; 
2 M sodium malonate-malonic acid, 
7.6 
> G10 
52.4 μl of: HEPES pH 6.5 (1M) 
588.2 μl of: sodium malonate - malonic acid pH 7 
208 
 
pH=7.0; 
 
(3.4M) 
47.6 μl of: HEPES pH 8.5 (1M) 
311.8 μl of: H2O 
G11 
(83) 
0.1 M sodium HEPES, pH=7.5; 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.6 
> G11 
735.3 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
164.7 μl of: H2O 
G12 
(84) 
0.1 M sodium HEPES, pH=7.5; 
3 M sodium malonate-malonic acid, 
pH=7.0; 
 
7.5 
> G12 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
17.6 μl of: H2O 
H1 (85) 
0.5 M ammonium sulfate; 
0.1 M gly-gly, pH=8.5; 
 
7.9 
> H1 
34 μl of: glycyl-glycine pH 7.3 (1M) 
500 μl of: ammonium sulfate (1M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
400 μl of: H2O 
H2 (86) 
1 M ammonium sulfate; 
0.1 M gly-gly, pH=8.5; 
 
7.9 
> H2 
34 μl of: glycyl-glycine pH 7.3 (1M) 
285.7 μl of: ammonium sulfate (3.5M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
614.3 μl of: H2O 
H3 (87) 
1.5 M ammonium sulfate; 
0.1 M gly-gly, pH=8.5; 
 
7.9 
> H3 
428.6 μl of: ammonium sulfate (3.5M) 
34 μl of: glycyl-glycine pH 7.3 (1M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
471.4 μl of: H2O 
H4 (88) 
2 M ammonium sulfate; 
0.1 M gly-gly, pH=8.5; 
 
7.9 
> H4 
34 μl of: glycyl-glycine pH 7.3 (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
328.6 μl of: H2O 
H5 (89) 
2.5 M ammonium sulfate; 
0.1 M gly-gly, pH=8.5; 
 
7.9 
> H5 
34 μl of: glycyl-glycine pH 7.3 (1M) 
714.3 μl of: ammonium sulfate (3.5M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
185.7 μl of: H2O 
H6 (90) 
3 M ammonium sulfate; 
0.1 M gly-gly, pH=8.5; 
 
7.8 
> H6 
34 μl of: glycyl-glycine pH 7.3 (1M) 
857.1 μl of: ammonium sulfate (3.5M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
42.9 μl of: H2O 
H7 (91) 
0.1 M gly-gly, pH=8.5; 
0.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
8.2 
> H7 
34 μl of: glycyl-glycine pH 7.3 (1M) 
147.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
752.9 μl of: H2O 
H8 (92) 
0.1 M gly-gly, pH=8.5; 
1 M sodium malonate-malonic acid, 
pH=7.0; 
 
8.2 
> H8 
34 μl of: glycyl-glycine pH 7.3 (1M) 
294.1 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
605.9 μl of: H2O 
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H9 (93) 
0.1 M gly-gly, pH=8.5; 
1.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
8.2 
> H9 
34 μl of: glycyl-glycine pH 7.3 (1M) 
441.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
458.8 μl of: H2O 
H10 
(94) 
0.1 M gly-gly, pH=8.5; 
2 M sodium malonate-malonic acid, 
pH=7.0; 
 
8.1 
> H10 
588.2 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
34 μl of: glycyl-glycine pH 7.3 (1M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
311.8 μl of: H2O 
H11 
(95) 
0.1 M gly-gly, pH=8.5; 
2.5 M sodium malonate-malonic 
acid, pH=7.0; 
 
8.1 
> H11 
34 μl of: glycyl-glycine pH 7.3 (1M) 
735.3 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
164.7 μl of: H2O 
H12 
(96) 
0.1 M gly-gly, pH=8.5; 
3 M sodium malonate-malonic acid, 
pH=7.0; 
 
8 
> H12 
34 μl of: glycyl-glycine pH 7.3 (1M) 
882.4 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
66 μl of: glycyl-glycine pH 9.3 (1M) 
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Appendix 3, table 2. Shotgun screening conditions 
Well Concentration Units Chemical, pH pH Recipe 
A1 (1) 
0.2 M magnesium chloride; 
30 w/v polyethylene glycol 4000; 
0.1 M tris chloride, pH=8.5; 
 
8.2 
> A1 
200 μl of: magnesium chloride (1M) 
21.2 μl of: tris chloride pH 7.0 (1M) 
600 μl of: poly(ethylene glycol) 4000 (50% w/v) 
78.8 μl of: tris chloride pH 9.0 (1M) 
100 μl of: H2O 
A2 (2) 
2 M ammonium sulfate; 
 
5.7 
> A2 
571.4 μl of: ammonium sulfate (3.5M) 
428.6 μl of: H2O 
A3 (3) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
 
7.3 
> A3 
200 μl of: sodium acetate (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
A4 (4) 
2 M ammonium sulfate; 
0.1 M tris chloride, pH=8.5; 
 
7.9 
> A4 
21.2 μl of: tris chloride pH 7.0 (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
78.8 μl of: tris chloride pH 9.0 (1M) 
328.6 μl of: H2O 
A5 (5) 
20 w/v polyethylene glycol 3350; 
0.2 M trisodium citrate; 
 
8.1 
> A5 
125 μl of: (tri)sodium citrate (1.6M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
475 μl of: H2O 
A6 (6) 
10 v/v 2-propanol; 
20 w/v polyethylene glycol 4000; 
0.1 M sodium HEPES, pH=7.5; 
 
7.4 
> A6 
125 μl of: propan(2)ol (80% v/v) 
52.4 μl of: HEPES pH 6.5 (1M) 
400 μl of: poly(ethylene glycol) 4000 (50% w/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
375 μl of: H2O 
A7 (7) 
2 M ammonium sulfate; 
2 v/v polyethylene glycol 400; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> A7 
571.4 μl of: ammonium sulfate (3.5M) 
52.4 μl of: HEPES pH 6.5 (1M) 
25 μl of: poly(ethylene glycol) 400 (80% v/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
303.6 μl of: H2O 
A8 (8) 
0.1 M sodium HEPES, pH=7.5; 
1.4 M trisodium citrate; 
 
7.9 
> A8 
875 μl of: (tri)sodium citrate (1.6M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
25 μl of: H2O 
A9 (9) 
30 w/v polyethylene glycol 4000; 
0.2 M sodium acetate; 
0.1 M tris chloride, pH=8.5; 
 
8.1 
> A9 
600 μl of: poly(ethylene glycol) 4000 (50% w/v) 
21.2 μl of: tris chloride pH 7.0 (1M) 
200 μl of: sodium acetate (1M) 
78.8 μl of: tris chloride pH 9.0 (1M) 
100 μl of: H2O 
A10 
(10) 
0.2 M lithium sulfate; 
30 w/v polyethylene glycol 4000; 
0.1 M tris chloride, pH=8.5; 
 
8.2 
> A10 
200 μl of: lithium sulfate (1M) 
21.2 μl of: tris chloride pH 7.0 (1M) 
600 μl of: poly(ethylene glycol) 4000 (50% w/v) 
78.8 μl of: tris chloride pH 9.0 (1M) 
100 μl of: H2O 
A11 
(11) 
4 M sodium formate; 
 
7.6 
> A11 
1000 μl of: sodium formate (4M) 
A12 
(12) 
0.2 M magnesium acetate; 
0.1 M sodium cacodylate, pH=6.5; 
6.2 
> A12 
80 μl of: magnesium acetate (2.5M) 
400 μl of: poly(ethylene glycol) 8000 (50% w/v) 
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20 w/v polyethylene glycol 8000; 
 
34.9 μl of: sodium cacodylate pH 5.3 (1M) 
65.1 μl of: sodium cacodylate pH 7.3 (1M) 
420 μl of: H2O 
B1 (13) 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.5 
> B1 
100 μl of: bis-tris pH 5.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
B2 (14) 
12 w/v polyethylene glycol 20000; 
0.1 M sodium MES, pH=6.5; 
 
6.1 
> B2 
25.9 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
480 μl of: poly(ethylene glycol) 20000 (25% w/v) 
74.1 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
420 μl of: H2O 
B3 (15) 
0.2 M magnesium chloride; 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.6 
> B3 
200 μl of: magnesium chloride (1M) 
100 μl of: bis-tris pH 5.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: H2O 
B4 (16) 
0.2 M ammonium sulfate; 
30 w/v polyethylene glycol 
monomethyl ether 5000; 
0.1 M sodium MES, pH=6.5; 
 
6.2 
> B4 
200 μl of: ammonium sulfate (1M) 
25.9 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
600 μl of: poly(ethylene glycol) monomethyl ether 
5000 (50% w/v) 
74.1 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
100 μl of: H2O 
B5 (17) 
0.2 M calcium chloride; 
20 w/v polyethylene glycol 3350; 
 
6 
> B5 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: calcium chloride (1M) 
400 μl of: H2O 
B6 (18) 
0.1 M sodium HEPES, pH=7.5; 
20 w/v polyethylene glycol 10000; 
 
7.3 
> B6 
666.7 μl of: poly(ethylene glycol) 10000 (30% w/v) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
233.3 μl of: H2O 
B7 (19) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium formate; 
 
6.5 
> B7 
50 μl of: sodium formate (4M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
550 μl of: H2O 
B8 (20) 
0.2 M ammonium sulfate; 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.7 
> B8 
200 μl of: ammonium sulfate (1M) 
100 μl of: bis-tris pH 5.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: H2O 
B9 (21) 
1.6 M trisodium citrate; 
 
8.3 
> B9 
1000 μl of: (tri)sodium citrate (1.6M) 
B10 
(22) 
0.2 M calcium chloride; 
28 v/v polyethylene glycol 400; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> B10 
200 μl of: calcium chloride (1M) 
52.4 μl of: HEPES pH 6.5 (1M) 
350 μl of: poly(ethylene glycol) 400 (80% v/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
350 μl of: H2O 
B11 
(23) 
0.2 M ammonium chloride; 
20 w/v polyethylene glycol 3350; 
 
6.1 
> B11 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: ammonium chloride (1M) 
400 μl of: H2O 
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B12 
(24) 
0.2 M magnesium formate; 
20 w/v polyethylene glycol 3350; 
 
6.4 
> B12 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: magnesium formate (1M) 
400 μl of: H2O 
C1 (25) 
0.2 M ammonium sulfate; 
25 w/v polyethylene glycol 4000; 
0.1 M sodium acetate-acetic acid, 
pH=4.6; 
 
4.5 
> C1 
200 μl of: ammonium sulfate (1M) 
100 μl of: TEMP sodium acetate - acetic acid pH 4.5 
(1M) 
500 μl of: poly(ethylene glycol) 4000 (50% w/v) 
200 μl of: H2O 
C2 (26) 
1.4 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.4 
> C2 
411.8 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
588.2 μl of: H2O 
C3 (27) 
0.2 M lithium sulfate; 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.7 
> C3 
200 μl of: lithium sulfate (1M) 
100 μl of: bis-tris pH 5.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: H2O 
C4 (28) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium sodium tartrate; 
 
6.5 
> C4 
100 μl of: potassium sodium tartrate (2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
500 μl of: H2O 
C5 (29) 
0.2 M ammonium sulfate; 
0.1 M sodium cacodylate, pH=6.5; 
30 w/v polyethylene glycol 8000; 
 
6.1 
> C5 
200 μl of: ammonium sulfate (1M) 
600 μl of: poly(ethylene glycol) 8000 (50% w/v) 
34.9 μl of: sodium cacodylate pH 5.3 (1M) 
65.1 μl of: sodium cacodylate pH 7.3 (1M) 
100 μl of: H2O 
C6 (30) 
2 M ammonium sulfate; 
0.1 M sodium acetate-acetic acid, 
pH=4.6; 
 
4.5 
> C6 
100 μl of: TEMP sodium acetate - acetic acid pH 4.5 
(1M) 
571.4 μl of: ammonium sulfate (3.5M) 
328.6 μl of: H2O 
C7 (31) 
25 w/v polyethylene glycol 3350; 
0.1 M sodium HEPES, pH=7.5; 
 
7.4 
> C7 
52.4 μl of: HEPES pH 6.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
400 μl of: H2O 
C8 (32) 
0.2 M magnesium chloride; 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.3 
> C8 
200 μl of: magnesium chloride (1M) 
100 μl of: bis-tris pH 6.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: H2O 
C9 (33) 
0.2 M magnesium chloride; 
25 w/v polyethylene glycol 3350; 
0.1 M tris chloride, pH=8.5; 
 
8.2 
> C9 
200 μl of: magnesium chloride (1M) 
21.2 μl of: tris chloride pH 7.0 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
78.8 μl of: tris chloride pH 9.0 (1M) 
200 μl of: H2O 
C10 
(34) 
0.2 M magnesium chloride; 
25 w/v polyethylene glycol 3350; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> C10 
200 μl of: magnesium chloride (1M) 
52.4 μl of: HEPES pH 6.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
200 μl of: H2O 
C11 
(35) 
0.2 M sodium acetate; 
0.1 M sodium cacodylate, pH=6.5; 
6.1 
> C11 
200 μl of: sodium acetate (1M) 
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30 w/v polyethylene glycol 8000; 
 
600 μl of: poly(ethylene glycol) 8000 (50% w/v) 
34.9 μl of: sodium cacodylate pH 5.3 (1M) 
65.1 μl of: sodium cacodylate pH 7.3 (1M) 
100 μl of: H2O 
C12 
(36) 
25 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.9 
> C12 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
100 μl of: bis-tris pH 5.5 (1M) 
200 μl of: sodium acetate (1M) 
200 μl of: H2O 
D1 (37) 
1.5 M lithium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.8 
> D1 
52.4 μl of: HEPES pH 6.5 (1M) 
600 μl of: lithium sulfate (2.5M) 
47.6 μl of: HEPES pH 8.5 (1M) 
300 μl of: H2O 
D2 (38) 
20 w/v polyethylene glycol 3000; 
0.1 M trisodium citrate-citric acid, 
pH=5.5; 
 
5.7 
> D2 
21 μl of: citric acid "pH 2.3" (1M) 
400 μl of: poly(ethylene glycol) 3000 (50% w/v) 
79 μl of: (tri)sodium citrate "pH 8.1" (1M) 
500 μl of: H2O 
D3 (39) 
25 w/v polyethylene glycol 1500; 
 
6.1 
> D3 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
500 μl of: H2O 
D4 (40) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium thiocyanate; 
 
6.3 
> D4 
100 μl of: potassium thiocyanate (2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
500 μl of: H2O 
D5 (41) 
0.2 M sodium acetate; 
0.1 M sodium cacodylate, pH=6.5; 
18 w/v polyethylene glycol 8000; 
 
6.1 
> D5 
200 μl of: sodium acetate (1M) 
360 μl of: poly(ethylene glycol) 8000 (50% w/v) 
34.9 μl of: sodium cacodylate pH 5.3 (1M) 
65.1 μl of: sodium cacodylate pH 7.3 (1M) 
340 μl of: H2O 
D6 (42) 
0.2 M lithium sulfate; 
25 w/v polyethylene glycol 3350; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> D6 
200 μl of: lithium sulfate (1M) 
52.4 μl of: HEPES pH 6.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
200 μl of: H2O 
D7 (43) 
0.2 M ammonium sulfate; 
30 w/v polyethylene glycol 8000; 
 
5.8 
> D7 
600 μl of: poly(ethylene glycol) 8000 (50% w/v) 
200 μl of: ammonium sulfate (1M) 
200 μl of: H2O 
D8 (44) 
20 w/v polyethylene glycol 
monomethyl ether 5000; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.1 
> D8 
100 μl of: bis-tris pH 6.5 (1M) 
400 μl of: poly(ethylene glycol) monomethyl ether 
5000 (50% w/v) 
500 μl of: H2O 
D9 (45) 
0.2 M ammonium sulfate; 
30 w/v polyethylene glycol 
monomethyl ether 2000; 
0.1 M sodium acetate-acetic acid, 
pH=4.6; 
 
4.5 
> D9 
200 μl of: ammonium sulfate (1M) 
100 μl of: TEMP sodium acetate - acetic acid pH 4.5 
(1M) 
600 μl of: poly(ethylene glycol) monomethyl ether 
2000 (50% w/v) 
100 μl of: H2O 
D10 
(46) 
0.2 M lithium sulfate; 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.3 
> D10 
200 μl of: lithium sulfate (1M) 
100 μl of: bis-tris pH 6.5 (1M) 
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500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: H2O 
D11 
(47) 
8 w/v polyethylene glycol 4000; 
0.1 M sodium acetate-acetic acid, 
pH=4.6; 
 
4.5 
> D11 
100 μl of: TEMP sodium acetate - acetic acid pH 4.5 
(1M) 
400 μl of: poly(ethylene glycol) 4000 (20% w/v) 
500 μl of: H2O 
D12 
(48) 
2 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.6 
> D12 
100 μl of: bis-tris pH 6.5 (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
328.6 μl of: H2O 
E1 (49) 
2 M ammonium sulfate; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.8 
> E1 
100 μl of: bis-tris pH 5.5 (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
328.6 μl of: H2O 
E2 (50) 
25 w/v polyethylene glycol 3350; 
 
6.3 
> E2 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
500 μl of: H2O 
E3 (51) 
0.2 M magnesium chloride; 
30 v/v polyethylene glycol 400; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> E3 
200 μl of: magnesium chloride (1M) 
52.4 μl of: HEPES pH 6.5 (1M) 
375 μl of: poly(ethylene glycol) 400 (80% v/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
325 μl of: H2O 
E4 (52) 
2 M ammonium sulfate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.5 
> E4 
52.4 μl of: HEPES pH 6.5 (1M) 
571.4 μl of: ammonium sulfate (3.5M) 
47.6 μl of: HEPES pH 8.5 (1M) 
328.6 μl of: H2O 
E5 (53) 
3.5 M sodium formate; 
 
7.6 
> E5 
875 μl of: sodium formate (4M) 
125 μl of: H2O 
E6 (54) 
0.1 M sodium MES, pH=6.5; 
1.6 M magnesium sulfate; 
 
6.3 
> E6 
640 μl of: magnesium sulfate (2.5M) 
25.9 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
74.1 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
260 μl of: H2O 
E7 (55) 
0.2 M magnesium chloride; 
20 w/v polyethylene glycol 3350; 
 
6.2 
> E7 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: magnesium chloride (1M) 
400 μl of: H2O 
E8 (56) 
0.2 M ammonium sulfate; 
30 w/v polyethylene glycol 4000; 
 
5.9 
> E8 
600 μl of: poly(ethylene glycol) 4000 (50% w/v) 
200 μl of: ammonium sulfate (1M) 
200 μl of: H2O 
E9 (57) 
0.1 M potassium thiocyanate; 
30 w/v polyethylene glycol 
monomethyl ether 2000; 
 
6.1 
> E9 
600 μl of: poly(ethylene glycol) monomethyl ether 
2000 (50% w/v) 
50 μl of: potassium thiocyanate (2M) 
350 μl of: H2O 
E10 
(58) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium malonate-malonic 
acid, pH=7.0; 
 
7.3 
> E10 
58.8 μl of: sodium malonate - malonic acid pH 7 
(3.4M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
541.2 μl of: H2O 
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E11 
(59) 
2 M sodium formate; 
0.1 M sodium acetate-acetic acid, 
pH=4.6; 
 
5.2 
> E11 
100 μl of: TEMP sodium acetate - acetic acid pH 4.5 
(1M) 
500 μl of: sodium formate (4M) 
400 μl of: H2O 
E12 
(60) 
0.2 M ammonium sulfate; 
25 w/v polyethylene glycol 3350; 
0.1 M sodium HEPES, pH=7.5; 
 
7.4 
> E12 
200 μl of: ammonium sulfate (1M) 
52.4 μl of: HEPES pH 6.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
200 μl of: H2O 
F1 (61) 
2 M ammonium sulfate; 
0.2 M potassium sodium tartrate; 
0.1 M trisodium citrate-citric acid, 
pH=5.6; 
 
5.4 
> F1 
571.4 μl of: ammonium sulfate (3.5M) 
18.6 μl of: citric acid "pH 2.3" (1M) 
100 μl of: potassium sodium tartrate (2M) 
81.4 μl of: (tri)sodium citrate "pH 8.1" (1M) 
228.6 μl of: H2O 
F2 (62) 
25 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
0.1 M sodium HEPES, pH=7.5; 
 
7.4 
> F2 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
52.4 μl of: HEPES pH 6.5 (1M) 
200 μl of: sodium acetate (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
200 μl of: H2O 
F3 (63) 
0.2 M ammonium sulfate; 
20 w/v polyethylene glycol 3350; 
 
6.1 
> F3 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: ammonium sulfate (1M) 
400 μl of: H2O 
F4 (64) 
0.1 M sodium cacodylate, pH=6.5; 
1 M trisodium citrate; 
 
7 
> F4 
625 μl of: (tri)sodium citrate (1.6M) 
34.9 μl of: sodium cacodylate pH 5.3 (1M) 
65.1 μl of: sodium cacodylate pH 7.3 (1M) 
275 μl of: H2O 
F5 (65) 
0.2 M ammonium sulfate; 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.3 
> F5 
200 μl of: ammonium sulfate (1M) 
100 μl of: bis-tris pH 6.5 (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: H2O 
F6 (66) 
0.2 M ammonium nitrate; 
20 w/v polyethylene glycol 3350; 
 
6.1 
> F6 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: ammonium nitrate (1M) 
400 μl of: H2O 
F7 (67) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium thiocyanate; 
 
6.2 
> F7 
100 μl of: sodium thiocyanate (2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
500 μl of: H2O 
F8 (68) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium nitrate; 
 
6.2 
> F8 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: potassium nitrate (1M) 
400 μl of: H2O 
F9 (69) 
0.1 M sodium HEPES, pH=7.5; 
20 w/v polyethylene glycol 8000; 
 
7.4 
> F9 
52.4 μl of: HEPES pH 6.5 (1M) 
400 μl of: poly(ethylene glycol) 8000 (50% w/v) 
47.6 μl of: HEPES pH 8.5 (1M) 
500 μl of: H2O 
F10 
(70) 
0.2 M magnesium acetate; 
20 w/v polyethylene glycol 3350; 
 
7.6 
> F10 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
80 μl of: magnesium acetate (2.5M) 
520 μl of: H2O 
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F11 
(71) 
25 w/v polyethylene glycol 3350; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.1 
> F11 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
100 μl of: bis-tris pH 6.5 (1M) 
400 μl of: H2O 
F12 
(72) 
30 v/v 2-methyl-2,4-pentanediol; 
0.02 M calcium chloride; 
0.1 M sodium acetate-acetic acid, 
pH=4.6; 
 
4.4 
> F12 
300 μl of: 2-methyl-2,4-pentanediol (100% v/v) 
100 μl of: TEMP sodium acetate - acetic acid pH 4.5 
(1M) 
20 μl of: calcium chloride (1M) 
580 μl of: H2O 
G1 (73) 
0.2 M sodium acetate; 
0.1 M sodium MES, pH=6.0; 
20 w/v polyethylene glycol 8000; 
 
6 
> G1 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
400 μl of: poly(ethylene glycol) 8000 (50% w/v) 
200 μl of: sodium acetate (1M) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
300 μl of: H2O 
G2 (74) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium sulfate; 
 
6.3 
> G2 
166.7 μl of: (di)sodium sulfate (1.2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
433.3 μl of: H2O 
G3 (75) 
25 v/v polyethylene glycol 
monomethyl ether 550; 
0.1 M sodium MES, pH=6.5; 
0.01 M zinc sulfate; 
 
6.1 
> G3 
100 μl of: zinc sulfate (0.1M) 
294.1 μl of: poly(ethylene glycol) monomethyl ether 
550 (85% v/v) 
25.9 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
74.1 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
505.9 μl of: H2O 
G4 (76) 
20 w/v polyethylene glycol 3350; 
0.2 M disodium tartrate; 
 
6.7 
> G4 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: (di)sodium tartrate (1M) 
400 μl of: H2O 
G5 (77) 
60 w/v tacsimate, pH=7.0; 
 
7.1 
> G5 
600 μl of: tacsimate pH 7 (100% v/v) 
400 μl of: H2O 
G6 (78) 
0.5 M ammonium sulfate; 
1 M lithium sulfate; 
0.1 M trisodium citrate-citric acid, 
pH=5.6; 
 
5.3 
> G6 
18.6 μl of: citric acid "pH 2.3" (1M) 
400 μl of: lithium sulfate (2.5M) 
500 μl of: ammonium sulfate (1M) 
81.4 μl of: (tri)sodium citrate "pH 8.1" (1M) 
G7 (79) 
30 w/v polyethylene glycol 1500; 
 
6.1 
> G7 
600 μl of: poly(ethylene glycol) 1500 (50% w/v) 
400 μl of: H2O 
G8 (80) 
0.2 M magnesium chloride; 
0.1 M tris chloride, pH=8.5; 
20 w/v polyethylene glycol 8000; 
 
8.2 
> G8 
400 μl of: poly(ethylene glycol) 8000 (50% w/v) 
21.2 μl of: tris chloride pH 7.0 (1M) 
200 μl of: magnesium chloride (1M) 
78.8 μl of: tris chloride pH 9.0 (1M) 
300 μl of: H2O 
G9 (81) 
20 w/v polyethylene glycol 3350; 
0.2 M diammonium tartrate; 
 
6.2 
> G9 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
100 μl of: (di)ammonium tartrate (2M) 
500 μl of: H2O 
217 
 
G10 
(82) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium fluoride; 
 
6.4 
> G10 
200 μl of: sodium fluoride (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
G11 
(83) 
2 M ammonium sulfate; 
0.1 M sodium cacodylate, pH=6.5; 
0.2 M sodium chloride; 
 
6.2 
> G11 
571.4 μl of: ammonium sulfate (3.5M) 
34.9 μl of: sodium cacodylate pH 5.3 (1M) 
200 μl of: sodium chloride (1M) 
65.1 μl of: sodium cacodylate pH 7.3 (1M) 
128.6 μl of: H2O 
G12 
(84) 
1.6 M ammonium sulfate; 
0.1 M sodium chloride; 
0.1 M sodium HEPES, pH=7.5; 
 
7.6 
> G12 
457.1 μl of: ammonium sulfate (3.5M) 
100 μl of: sodium chloride (1M) 
52.4 μl of: HEPES pH 6.5 (1M) 
47.6 μl of: HEPES pH 8.5 (1M) 
342.9 μl of: H2O 
H1 (85) 
20 w/v polyethylene glycol 3350; 
0.2 M ammonium formate; 
 
6.1 
> H1 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: ammonium formate (1M) 
400 μl of: H2O 
H2 (86) 
20 w/v polyethylene glycol 3350; 
0.2 M trilithium citrate; 
 
8 
> H2 
200 μl of: (tri)lithium citrate (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
H3 (87) 
0.2 M ammonium iodide; 
20 w/v polyethylene glycol 3350; 
 
6.1 
> H3 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: ammonium iodide (1M) 
400 μl of: H2O 
H4 (88) 
25 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
0.1 M bis-tris chloride, pH=6.5; 
 
6.2 
> H4 
200 μl of: sodium acetate (1M) 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
100 μl of: bis-tris pH 6.5 (1M) 
200 μl of: H2O 
H5 (89) 
30 w/v polyethylene glycol 4000; 
 
6.1 
> H5 
600 μl of: poly(ethylene glycol) 4000 (50% w/v) 
400 μl of: H2O 
H6 (90) 
25 w/v polyethylene glycol 3350; 
0.1 M tris chloride, pH=8.5; 
 
8.1 
> H6 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
21.2 μl of: tris chloride pH 7.0 (1M) 
78.8 μl of: tris chloride pH 9.0 (1M) 
400 μl of: H2O 
H7 (91) 
0.2 M ammonium fluoride; 
20 w/v polyethylene glycol 3350; 
 
5.6 
> H7 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
200 μl of: ammonium fluoride (1M) 
400 μl of: H2O 
H8 (92) 
0.1 M sodium acetate; 
17 w/v polyethylene glycol 10000; 
0.1 M bis-tris chloride, pH=5.5; 
 
5.8 
> H8 
100 μl of: bis-tris pH 5.5 (1M) 
100 μl of: sodium acetate (1M) 
566.7 μl of: poly(ethylene glycol) 10000 (30% w/v) 
233.3 μl of: H2O 
H9 (93) 
0.1 M imidazole, pH=8.0; 
0.2 M sodium acetate; 
10 w/v polyethylene glycol 8000; 
 
7.9 
> H9 
200 μl of: sodium acetate (1M) 
500 μl of: poly(ethylene glycol) 8000 (20% w/v) 
100 μl of: imidazole pH 8.0 (1M) 
200 μl of: H2O 
H10 
(94) 
0.2 M ammonium sulfate; 
25 w/v polyethylene glycol 3350; 
8 
> H10 
21.2 μl of: tris chloride pH 7.0 (1M) 
200 μl of: ammonium sulfate (1M) 
218 
 
0.1 M tris chloride, pH=8.5; 
 
500 μl of: poly(ethylene glycol) 3350 (50% w/v) 
78.8 μl of: tris chloride pH 9.0 (1M) 
200 μl of: H2O 
H11 
(95) 
0.1 M CHES, pH=9.0; 
20 w/v polyethylene glycol 8000; 
 
8.5 
> H11 
400 μl of: poly(ethylene glycol) 8000 (50% w/v) 
87.9 μl of: CHES pH 8.3 (0.8M) 
37.1 μl of: CHES pH 10.3 (0.8M) 
475 μl of: H2O 
H12 
(96) 
4.3 M sodium chloride; 
0.1 M sodium HEPES, pH=7.5; 
 
7.8 
> H12 
52.4 μl of: HEPES pH 6.5 (1M) 
860 μl of: sodium chloride (5M) 
47.6 μl of: HEPES pH 8.5 (1M) 
40 μl of: H2O 
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Appendix 3, table 3. PACT_C3 screening conditions 
Well Concentration Units Chemical, pH pH Recipe 
A1 (1) 
25 w/v polyethylene glycol 1500; 
10 v/v succinate-phosphate-glycine, 
pH=4.0; 
 
4.4 
> A1 
100 μl of: succinate-phosphate-glycine pH 4.0 
(100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
400 μl of: H2O 
A2 (2) 
25 w/v polyethylene glycol 1500; 
10 v/v succinate-phosphate-glycine, 
pH=5.0; 
 
5.7 
> A2 
85.7 μl of: succinate-phosphate-glycine pH 4.0 
(100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
14.3 μl of: succinate-phosphate-glycine pH 10.0 
(100% v/v) 
400 μl of: H2O 
A3 (3) 
25 w/v polyethylene glycol 1500; 
10 v/v succinate-phosphate-glycine, 
pH=6.0; 
 
6.2 
> A3 
71.4 μl of: succinate-phosphate-glycine pH 4.0 
(100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
28.6 μl of: succinate-phosphate-glycine pH 10.0 
(100% v/v) 
400 μl of: H2O 
A4 (4) 
25 w/v polyethylene glycol 1500; 
10 v/v succinate-phosphate-glycine, 
pH=7.0; 
 
7.5 
> A4 
45 μl of: succinate-phosphate-glycine pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
55 μl of: succinate-phosphate-glycine pH 10.0 
(100% v/v) 
400 μl of: H2O 
A5 (5) 
25 w/v polyethylene glycol 1500; 
10 v/v succinate-phosphate-glycine, 
pH=8.0; 
 
8.2 
> A5 
28.3 μl of: succinate-phosphate-glycine pH 4.0 
(100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
71.7 μl of: succinate-phosphate-glycine pH 10.0 
(100% v/v) 
400 μl of: H2O 
A6 (6) 
25 w/v polyethylene glycol 1500; 
10 v/v succinate-phosphate-glycine, 
pH=9.0; 
 
8.6 
> A6 
20 μl of: succinate-phosphate-glycine pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
80 μl of: succinate-phosphate-glycine pH 10.0 
(100% v/v) 
400 μl of: H2O 
A7 (7) 
20 w/v polyethylene glycol 6000; 
0.2 M sodium chloride; 
0.1 M sodium acetate-acetic acid, 
pH=5.0; 
 
4.8 
> A7 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
50.1 μl of: TEMP sodium acetate - acetic acid pH 
4.5 (1M) 
200 μl of: sodium chloride (1M) 
49.9 μl of: sodium acetate - acetic acid pH 5.8 (1M) 
300 μl of: H2O 
A8 (8) 
0.2 M ammonium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium acetate-acetic acid, 
pH=5.0; 
 
4.9 
> A8 
200 μl of: ammonium chloride (1M) 
50.1 μl of: TEMP sodium acetate - acetic acid pH 
4.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
49.9 μl of: sodium acetate - acetic acid pH 5.8 (1M) 
300 μl of: H2O 
A9 (9) 
0.2 M lithium chloride; 
20 w/v polyethylene glycol 6000; 
4.8 
> A9 
200 μl of: lithium chloride (1M) 
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0.1 M sodium acetate-acetic acid, 
pH=5.0; 
 
50.1 μl of: TEMP sodium acetate - acetic acid pH 
4.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
49.9 μl of: sodium acetate - acetic acid pH 5.8 (1M) 
300 μl of: H2O 
A10 
(10) 
0.2 M magnesium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium acetate-acetic acid, 
pH=5.0; 
 
4.8 
> A10 
200 μl of: magnesium chloride (1M) 
50.1 μl of: TEMP sodium acetate - acetic acid pH 
4.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
49.9 μl of: sodium acetate - acetic acid pH 5.8 (1M) 
300 μl of: H2O 
A11 
(11) 
0.2 M calcium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium acetate-acetic acid, 
pH=5.0; 
 
4.8 
> A11 
200 μl of: calcium chloride (1M) 
50.1 μl of: TEMP sodium acetate - acetic acid pH 
4.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
49.9 μl of: sodium acetate - acetic acid pH 5.8 (1M) 
300 μl of: H2O 
A12 
(12) 
20 w/v polyethylene glycol 6000; 
0.01 M zinc chloride; 
0.1 M sodium acetate-acetic acid, 
pH=5.0; 
 
4.8 
> A12 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
50.1 μl of: TEMP sodium acetate - acetic acid pH 
4.5 (1M) 
10 μl of: zinc chloride (1M) 
49.9 μl of: sodium acetate - acetic acid pH 5.8 (1M) 
490 μl of: H2O 
B1 (13) 
25 w/v polyethylene glycol 1500; 
10 v/v malonate-imidazole-borate, 
pH=4.0; 
 
4.8 
> B1 
100 μl of: malonate-imidazole-borate pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
400 μl of: H2O 
B2 (14) 
25 w/v polyethylene glycol 1500; 
10 v/v malonate-imidazole-borate, 
pH=5.0; 
 
5.7 
> B2 
86 μl of: malonate-imidazole-borate pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
14 μl of: malonate-imidazole-borate pH 10.0 (100% 
v/v) 
400 μl of: H2O 
B3 (15) 
25 w/v polyethylene glycol 1500; 
10 v/v malonate-imidazole-borate, 
pH=6.0; 
 
6.3 
> B3 
64 μl of: malonate-imidazole-borate pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
36 μl of: malonate-imidazole-borate pH 10.0 (100% 
v/v) 
400 μl of: H2O 
B4 (16) 
25 w/v polyethylene glycol 1500; 
10 v/v malonate-imidazole-borate, 
pH=7.0; 
 
7 
> B4 
48 μl of: malonate-imidazole-borate pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
52 μl of: malonate-imidazole-borate pH 10.0 (100% 
v/v) 
400 μl of: H2O 
B5 (17) 
25 w/v polyethylene glycol 1500; 
10 v/v malonate-imidazole-borate, 
pH=8.0; 
 
7.9 
> B5 
32.5 μl of: malonate-imidazole-borate pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
67.5 μl of: malonate-imidazole-borate pH 10.0 
(100% v/v) 
400 μl of: H2O 
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B6 (18) 
25 w/v polyethylene glycol 1500; 
10 v/v malonate-imidazole-borate, 
pH=9.0; 
 
8.4 
> B6 
16 μl of: malonate-imidazole-borate pH 4.0 (100% 
v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
84 μl of: malonate-imidazole-borate pH 10.0 (100% 
v/v) 
400 μl of: H2O 
B7 (19) 
20 w/v polyethylene glycol 6000; 
0.2 M sodium chloride; 
0.1 M sodium MES, pH=6.0; 
 
5.9 
> B7 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
200 μl of: sodium chloride (1M) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
300 μl of: H2O 
B8 (20) 
0.2 M ammonium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium MES, pH=6.0; 
 
5.9 
> B8 
200 μl of: ammonium chloride (1M) 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
300 μl of: H2O 
B9 (21) 
0.2 M lithium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium MES, pH=6.0; 
 
5.9 
> B9 
200 μl of: lithium chloride (1M) 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
300 μl of: H2O 
B10 
(22) 
0.2 M magnesium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium MES, pH=6.0; 
 
5.9 
> B10 
200 μl of: magnesium chloride (1M) 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
300 μl of: H2O 
B11 
(23) 
0.2 M calcium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium MES, pH=6.0; 
 
5.9 
> B11 
200 μl of: calcium chloride (1M) 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
300 μl of: H2O 
B12 
(24) 
20 w/v polyethylene glycol 6000; 
0.1 M sodium MES, pH=6.0; 
0.01 M zinc chloride; 
 
5.9 
> B12 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
10 μl of: zinc chloride (1M) 
59.4 μl of: sodium morpholinoethanesulfonate pH 
5.2 (1M) 
40.6 μl of: sodium morpholinoethanesulfonate pH 
7.2 (1M) 
490 μl of: H2O 
C1 (25) 
25 w/v polyethylene glycol 1500; 
10 v/v propionate-cacodylate-bis tris 
propane, pH=4.0; 
 
4.4 
> C1 
100 μl of: proprionate-cacodylate-bis tris propane 
pH 4.0 (100% v/v) 
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500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
400 μl of: H2O 
C2 (26) 
25 w/v polyethylene glycol 1500; 
10 v/v propionate-cacodylate-bis tris 
propane, pH=5.0; 
 
5.3 
> C2 
84 μl of: proprionate-cacodylate-bis tris propane pH 
4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
16 μl of: proprionate-cacodylate-bis tris propane pH 
9.5 (100% v/v) 
400 μl of: H2O 
C3 (27) 
25 w/v polyethylene glycol 1500; 
10 v/v propionate-cacodylate-bis tris 
propane, pH=6.0; 
 
6 
> C3 
64 μl of: proprionate-cacodylate-bis tris propane pH 
4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
36 μl of: proprionate-cacodylate-bis tris propane pH 
9.5 (100% v/v) 
400 μl of: H2O 
C4 (28) 
25 w/v polyethylene glycol 1500; 
10 v/v propionate-cacodylate-bis tris 
propane, pH=7.0; 
 
6.4 
> C4 
45 μl of: proprionate-cacodylate-bis tris propane pH 
4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
55 μl of: proprionate-cacodylate-bis tris propane pH 
9.5 (100% v/v) 
400 μl of: H2O 
C5 (29) 
25 w/v polyethylene glycol 1500; 
10 v/v propionate-cacodylate-bis tris 
propane, pH=8.0; 
 
7.7 
> C5 
24.3 μl of: proprionate-cacodylate-bis tris propane 
pH 4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
75.7 μl of: proprionate-cacodylate-bis tris propane 
pH 9.5 (100% v/v) 
400 μl of: H2O 
C6 (30) 
25 w/v polyethylene glycol 1500; 
10 v/v propionate-cacodylate-bis tris 
propane, pH=9.0; 
 
8.2 
> C6 
10 μl of: proprionate-cacodylate-bis tris propane pH 
4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
90 μl of: proprionate-cacodylate-bis tris propane pH 
9.5 (100% v/v) 
400 μl of: H2O 
C7 (31) 
20 w/v polyethylene glycol 6000; 
0.2 M sodium chloride; 
0.1 M sodium HEPES, pH=7.0; 
 
6.6 
> C7 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
83.1 μl of: HEPES pH 6.5 (1M) 
200 μl of: sodium chloride (1M) 
16.9 μl of: HEPES pH 8.5 (1M) 
300 μl of: H2O 
C8 (32) 
0.2 M ammonium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium HEPES, pH=7.0; 
 
6.5 
> C8 
200 μl of: ammonium chloride (1M) 
83.1 μl of: HEPES pH 6.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
16.9 μl of: HEPES pH 8.5 (1M) 
300 μl of: H2O 
C9 (33) 
0.2 M lithium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium HEPES, pH=7.0; 
 
6.5 
> C9 
200 μl of: lithium chloride (1M) 
83.1 μl of: HEPES pH 6.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
16.9 μl of: HEPES pH 8.5 (1M) 
300 μl of: H2O 
C10 
(34) 
0.2 M magnesium chloride; 
20 w/v polyethylene glycol 6000; 
6.6 
> C10 
200 μl of: magnesium chloride (1M) 
83.1 μl of: HEPES pH 6.5 (1M) 
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0.1 M sodium HEPES, pH=7.0; 
 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
16.9 μl of: HEPES pH 8.5 (1M) 
300 μl of: H2O 
C11 
(35) 
0.2 M calcium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M sodium HEPES, pH=7.0; 
 
6.5 
> C11 
200 μl of: calcium chloride (1M) 
83.1 μl of: HEPES pH 6.5 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
16.9 μl of: HEPES pH 8.5 (1M) 
300 μl of: H2O 
C12 
(36) 
20 w/v polyethylene glycol 6000; 
0.1 M sodium HEPES, pH=7.0; 
0.01 M zinc chloride; 
 
6.6 
> C12 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
10 μl of: zinc chloride (1M) 
83.1 μl of: HEPES pH 6.5 (1M) 
16.9 μl of: HEPES pH 8.5 (1M) 
490 μl of: H2O 
D1 (37) 
25 w/v polyethylene glycol 1500; 
10 v/v DL-malate-MES-tris, 
pH=4.0; 
 
4.5 
> D1 
100 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
400 μl of: H2O 
D2 (38) 
25 w/v polyethylene glycol 1500; 
10 v/v DL-malate-MES-tris, 
pH=5.0; 
 
5.5 
> D2 
82 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
18 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
400 μl of: H2O 
D3 (39) 
25 w/v polyethylene glycol 1500; 
10 v/v DL-malate-MES-tris, 
pH=6.0; 
 
6 
> D3 
60 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
40 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
400 μl of: H2O 
D4 (40) 
25 w/v polyethylene glycol 1500; 
10 v/v DL-malate-MES-tris, 
pH=7.0; 
 
6.9 
> D4 
40 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
60 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
400 μl of: H2O 
D5 (41) 
25 w/v polyethylene glycol 1500; 
10 v/v DL-malate-MES-tris, 
pH=8.0; 
 
7.9 
> D5 
22.5 μl of: (DL)malate-MES-tris pH 4.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
77.5 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
400 μl of: H2O 
D6 (42) 
25 w/v polyethylene glycol 1500; 
10 v/v DL-malate-MES-tris, 
pH=9.0; 
 
8.3 
> D6 
100 μl of: (DL)malate-MES-tris pH 9.0 (100% v/v) 
500 μl of: poly(ethylene glycol) 1500 (50% w/v) 
400 μl of: H2O 
D7 (43) 
20 w/v polyethylene glycol 6000; 
0.2 M sodium chloride; 
0.1 M tris chloride, pH=8.0; 
 
7.9 
> D7 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
54.7 μl of: tris chloride pH 7.0 (1M) 
200 μl of: sodium chloride (1M) 
45.3 μl of: tris chloride pH 9.0 (1M) 
300 μl of: H2O 
D8 (44) 
0.2 M ammonium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M tris chloride, pH=8.0; 
 
7.9 
> D8 
200 μl of: ammonium chloride (1M) 
54.7 μl of: tris chloride pH 7.0 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
45.3 μl of: tris chloride pH 9.0 (1M) 
300 μl of: H2O 
D9 (45) 
0.2 M lithium chloride; 
20 w/v polyethylene glycol 6000; 
7.9 
> D9 
200 μl of: lithium chloride (1M) 
54.7 μl of: tris chloride pH 7.0 (1M) 
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0.1 M tris chloride, pH=8.0; 
 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
45.3 μl of: tris chloride pH 9.0 (1M) 
300 μl of: H2O 
D10 
(46) 
0.2 M magnesium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M tris chloride, pH=8.0; 
 
8 
> D10 
200 μl of: magnesium chloride (1M) 
54.7 μl of: tris chloride pH 7.0 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
45.3 μl of: tris chloride pH 9.0 (1M) 
300 μl of: H2O 
D11 
(47) 
0.2 M calcium chloride; 
20 w/v polyethylene glycol 6000; 
0.1 M tris chloride, pH=8.0; 
 
8 
> D11 
200 μl of: calcium chloride (1M) 
54.7 μl of: tris chloride pH 7.0 (1M) 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
45.3 μl of: tris chloride pH 9.0 (1M) 
300 μl of: H2O 
D12 
(48) 
20 w/v polyethylene glycol 6000; 
0.1 M tris chloride, pH=8.0; 
0.01 M zinc chloride; 
 
7.5 
> D12 
400 μl of: poly(ethylene glycol) 6000 (50% w/v) 
10 μl of: zinc chloride (1M) 
54.7 μl of: tris chloride pH 7.0 (1M) 
45.3 μl of: tris chloride pH 9.0 (1M) 
490 μl of: H2O 
E1 (49) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium fluoride; 
 
6.3 
> E1 
200 μl of: sodium fluoride (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
E2 (50) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium bromide; 
 
6.2 
> E2 
200 μl of: sodium bromide (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
E3 (51) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium iodide; 
 
6.3 
> E3 
200 μl of: sodium iodide (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
E4 (52) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium thiocyanate; 
 
6.2 
> E4 
100 μl of: potassium thiocyanate (2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
500 μl of: H2O 
E5 (53) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium nitrate; 
 
6.3 
> E5 
200 μl of: sodium nitrate (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
E6 (54) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium formate; 
 
6.5 
> E6 
50 μl of: sodium formate (4M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
550 μl of: H2O 
E7 (55) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
 
7.2 
> E7 
200 μl of: sodium acetate (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
400 μl of: H2O 
E8 (56) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium sulfate; 
 
6.3 
> E8 
166.7 μl of: (di)sodium sulfate (1.2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
433.3 μl of: H2O 
E9 (57) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium sodium tartrate; 
 
6.6 
> E9 
100 μl of: potassium sodium tartrate (2M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
500 μl of: H2O 
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E10 
(58) 
20 w/v polyethylene glycol 3350; 
0.025 M disodium hydrogen-
potassium dihydrogen phosphate; 
 
6.7 
> E10 
25 μl of: (di)sodium hydrogen potassium dihydrogen 
phosphate (1M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
575 μl of: H2O 
E11 
(59) 
20 w/v polyethylene glycol 3350; 
0.2 M trisodium citrate; 
 
8 
> E11 
125 μl of: (tri)sodium citrate (1.6M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
475 μl of: H2O 
E12 
(60) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium malonate; 
 
7.9 
> E12 
58.8 μl of: sodium malonate (3.4M) 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
541.2 μl of: H2O 
F1 (61) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium fluoride; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F1 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium fluoride (1M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
F2 (62) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium bromide; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F2 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium bromide (1M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
F3 (63) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium iodide; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F3 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium iodide (1M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
F4 (64) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium thiocyanate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F4 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
100 μl of: potassium thiocyanate (2M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
400 μl of: H2O 
F5 (65) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium nitrate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F5 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium nitrate (1M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
F6 (66) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium formate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F6 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
50 μl of: sodium formate (4M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
450 μl of: H2O 
F7 (67) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.1 
> F7 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium acetate (1M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
F8 (68) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium sulfate; 
0.1 M bis-tris propane chloride, 
6.2 
> F8 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
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pH=6.5; 
 
166.7 μl of: (di)sodium sulfate (1.2M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
333.3 μl of: H2O 
F9 (69) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium sodium tartrate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.2 
> F9 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
100 μl of: potassium sodium tartrate (2M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
400 μl of: H2O 
F10 
(70) 
20 w/v polyethylene glycol 3350; 
0.025 M disodium hydrogen-
potassium dihydrogen phosphate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.2 
> F10 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
25 μl of: (di)sodium hydrogen potassium dihydrogen 
phosphate (1M) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
475 μl of: H2O 
F11 
(71) 
20 w/v polyethylene glycol 3350; 
0.2 M trisodium citrate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.8 
> F11 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
125 μl of: (tri)sodium citrate (1.6M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
375 μl of: H2O 
F12 
(72) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium malonate; 
0.1 M bis-tris propane chloride, 
pH=6.5; 
 
6.4 
> F12 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
94.3 μl of: bis tris propane pH 6.0 (1M) 
58.8 μl of: sodium malonate (3.4M) 
5.7 μl of: bis tris propane pH 10.0 (1M) 
441.2 μl of: H2O 
G1 (73) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium fluoride; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.4 
> G1 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium fluoride (1M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
G2 (74) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium bromide; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.4 
> G2 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium bromide (1M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
G3 (75) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium iodide; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.4 
> G3 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium iodide (1M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
G4 (76) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium thiocyanate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.4 
> G4 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
100 μl of: potassium thiocyanate (2M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
400 μl of: H2O 
G5 (77) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium nitrate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.4 
> G5 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium nitrate (1M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
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G6 (78) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium formate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.4 
> G6 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
50 μl of: sodium formate (4M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
450 μl of: H2O 
G7 (79) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.3 
> G7 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium acetate (1M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
G8 (80) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium sulfate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.7 
> G8 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
166.7 μl of: (di)sodium sulfate (1.2M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
333.3 μl of: H2O 
G9 (81) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium sodium tartrate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.6 
> G9 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
100 μl of: potassium sodium tartrate (2M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
400 μl of: H2O 
G10 
(82) 
20 w/v polyethylene glycol 3350; 
0.025 M disodium hydrogen-
potassium dihydrogen phosphate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.1 
> G10 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
25 μl of: (di)sodium hydrogen potassium dihydrogen 
phosphate (1M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
475 μl of: H2O 
G11 
(83) 
20 w/v polyethylene glycol 3350; 
0.2 M trisodium citrate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.8 
> G11 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
125 μl of: (tri)sodium citrate (1.6M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
375 μl of: H2O 
G12 
(84) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium malonate; 
0.1 M bis-tris propane chloride, 
pH=7.5; 
 
7.7 
> G12 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
61.7 μl of: bis tris propane pH 6.0 (1M) 
58.8 μl of: sodium malonate (3.4M) 
38.3 μl of: bis tris propane pH 10.0 (1M) 
441.2 μl of: H2O 
H1 (85) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium fluoride; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H1 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium fluoride (1M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
H2 (86) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium bromide; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H2 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium bromide (1M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
H3 (87) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium iodide; 
0.1 M bis-tris propane chloride, 
8.1 
> H3 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
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pH=8.5; 
 
200 μl of: sodium iodide (1M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
H4 (88) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium thiocyanate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H4 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
100 μl of: potassium thiocyanate (2M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
400 μl of: H2O 
H5 (89) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium nitrate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H5 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium nitrate (1M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
H6 (90) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium formate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H6 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
50 μl of: sodium formate (4M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
450 μl of: H2O 
H7 (91) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium acetate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H7 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
200 μl of: sodium acetate (1M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
300 μl of: H2O 
H8 (92) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium sulfate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.2 
> H8 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
166.7 μl of: (di)sodium sulfate (1.2M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
333.3 μl of: H2O 
H9 (93) 
20 w/v polyethylene glycol 3350; 
0.2 M potassium sodium tartrate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.1 
> H9 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
100 μl of: potassium sodium tartrate (2M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
400 μl of: H2O 
H10 
(94) 
20 w/v polyethylene glycol 3350; 
0.025 M disodium hydrogen-
potassium dihydrogen phosphate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
7.8 
> H10 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
25 μl of: (di)sodium hydrogen potassium dihydrogen 
phosphate (1M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
475 μl of: H2O 
H11 
(95) 
20 w/v polyethylene glycol 3350; 
0.2 M trisodium citrate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.2 
> H11 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
125 μl of: (tri)sodium citrate (1.6M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
375 μl of: H2O 
H12 
(96) 
20 w/v polyethylene glycol 3350; 
0.2 M sodium malonate; 
0.1 M bis-tris propane chloride, 
pH=8.5; 
 
8.2 
> H12 
400 μl of: poly(ethylene glycol) 3350 (50% w/v) 
41.7 μl of: bis tris propane pH 6.0 (1M) 
58.8 μl of: sodium malonate (3.4M) 
58.3 μl of: bis tris propane pH 10.0 (1M) 
441.2 μl of: H2O 
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Appendix 4: Supplementary information for Chapter Five 
Supplementary table 1. Statistical analyses 
Insertion sites for cpGFP into DAD2 and ShHTL7 
One sample t-tests 
 A149 G164 A165 N180 M181 R182 C164 D165 L166 E167 
t 2.134 61.87 12.24 2.061 4.130 9.319 4.688 6.997 21.11 7.398 
df 2 2 2 2 2 2 2 2 2 2 
p 0.1665 0.0003 0.0066 0.1754 0.0539 0.0113 0.0426 0.0198 0.0022 0.0178 
Responses of rDAD2cpGFP(G164) and rShHTL7cpGFP(L166) to Triton X-100 and GR24 
One-way ANOVA 
 F DFn DFd P 
rDAD2cpGFP(G164) 227.3 3 8 <0.0001 
rShHTL7cpGFP(L166) 117.5 3 8 <0.0001 
Dunnett’s multiple comparisons tests 
rDAD2cpGFP(G164) q DF p 
-GR24-Triton vs. +GR24-Triton 21.63 8 <0.0001 
-GR24-Triton vs. -GR24+Triton 1.089 8 0.5884 
-GR24-Triton vs. +GR24+Triton 10.96 8 <0.0001 
rShHTL7cpGFP(L166) q DF p 
-GR24-Triton vs. +GR24-Triton 14.83 8 <0.0001 
-GR24-Triton vs. -GR24+Triton 14.21 8 <0.0001 
-GR24-Triton vs. +GR24+Triton 16.56 8 <0.0001 
 
Supplementary table 2: Coding sequences used in Chapter Five  
LexA-DAD2 atgaaagctctgacggctagacaacaggaggtgttcgatttgatcagagaccacatctctcaaacgggtatgccgccaacgagg
gccgaaatcgcccaaagattaggattccgttctccaaatgcggccgaggagcatctaaaagcattagccagaaaaggtgtgatc
gaaattgtgagcggagccagcagaggtattagattgcttcaggaggaggaagaggggcttccattagttggcagggtagctgca
ggcgagcctttgttagcccagcaacacatagagggccactaccaggtagacccctcactgttcaagcccaacgcagatttcttgtt
gagagtcagtggcatgtccatgaaggatatcggtatcatggatggtgacttacttgccgtacacaagacgcaagatgtacgtaac
ggccaggtggttgtggctcgtattgatgatgaagttactgtgaagaggttaaaaaaacagggcaacaaagtagaactacttcctga
aaattctgagttcaagccaatagtggttgacttgagacaacagtcttttaccatagagggtttagctgttggagttatacgtaacgga
gactggctacctgccgcgaagagggtcaagctggatggcggaggtggttccggaggtggtggttccatgggtcaaactttactg
gacgccttgaatgtgagggttgtaggcagcggagagagagtgttggtacttgctcacgggtttggtaccgaccagtccgcttgga
ataggattctaccctttttccttagggactatagagttgtactatacgatttggtgtgtgcaggatcagttaaccctgacttctttgatttt
aggaggtacacaacacttgacccttatgtggatgatttgctgcatatattagacgcgctggggatagactgttgcgcttatgttggtc
attcagtatcagcaatgatcggcatattggcgtctatacgtaggccggaattattttctaagctaattttgataggcgcgagtcctagg
tttctaaacgatgaagactaccacggcggtttcgagcaaggagaaatcgaaaaggtcttttccgcgatggaggcaaactatgagg
cgtgggtgaatggattcgcgcctttggcagtgggcgctgatgtaccggcagcggtaagggaattctcccgtacactgtttaacatg
cgtccagacataactttgttcgttagtaggacagtattcaacagcgatatgagaggtgttttgggcttagtgaaggtcccttgtcatat
ctttcagacagctagagatcattctgtgcctgcgagtgtagccacttatctaaagaaccacctaggcggtaaaaatacagtgcact
ggcttaacatagaaggtcaccttccacatctaagtgcgcccactcttttagcacaagagcttaggcgtgcactgtctcatcgttaa 
ShHTL7 atgagtagcattgggttagcgcacaatgttacgatcctgggaagcggagaaactaccgtggtattgggtcacggatacggcactg
atcagtctgtgtggaaactgcttgtaccgtacttggttgatgattacaaggtcttactttacgatcatatgggggcgggcacaaccaa
ccctgattatttcgatttcgaccgctatagttcactggagggctacagttacgacttgatcgcaattttggaagagttccaagtatcga
agtgcatttacgttggacactcgatgtcttcgatggcagcggcagtcgcatctatttttcgccctgatctgtttcacaaattagtaatga
tcagccccacaccccgccttattaacactgaagaatactacggtggatttgagcaaaaggttatggacgagaccctgcgctcgtta
gacgaaaactttaaaagcctgtcgttgggtacggcaccgttgttgttggcttgtgatttggagagtgcagccatgcaggagtactg
ccgtactctgttcaacatgcgcccggacattgcttgctgcattacgcgtatgatttgcgggctggatttgcgtccatatctgggacac
gtgaccgttccatgccacatcattcaaagctcgaacgacatcatggttccggtcgcggtgggggagtacttgcgtaagaatcttgg
tggcccatcggtcgttgaggtgatgcccaccgagggacatttaccgcatttgagtatgcctgaagttactatccctgtagtgttacgt
cacattcgccaagacatcacggaccac 
AS-cpGFP-AS gcatcgtataacgtctttatcatggccgacaagcagaagaacggcatcaaggcgaacttcaagatccgccacaacatcgaggac
ggcggcgtgcagctcgcctatcactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacct
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gagcgtgcagtccaaactgagcaaagaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgccgccggg
atcactctcggcatggacgagctgtacaagggcggtaccggagggagcatggtgagcaagggcgaggagctgttcaccggg
gtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgcc
acctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacc
tacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacattc
aggagcgcaccatcttcttcaaggacgacggcaactataagacacgcgctgaggttaagttcgagggcgacactctggttaacc
gcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctgggccataagcttgaatataacttcaacgcgtcc 
LSSmOrange ggtggagaagcagcagcaaaggaagcggcggcaaaagggggcatggtgagcaagggcgaggagaataacatggccatca
tcaaggagttcatgcgcttcaaggtgcgcatggagggctccgtgaacggccacgagttcgagatcgagggcgagggcgaggg
ccgcccctacgagggctttcagaccgttaagctgaaggtgaccaagggtggccccctgcccttcgcctgggacatcttgtcccct
cagttcacctacggctccaaggcctacgtgaagcaccccgccgacatccccgactacctcaagctgtccttccccgagggcttca
agtgggagcgcgtgatgaacttcgaggacggcggcgtggtgaccgtgactcaggactcctccctgcaggacggcgagttcatc
tacaaggtgaagctgcgcggcaccaacttcccctccgacggccccgtaatgcagaagaagaccatgggcatggaggcctcctc
cgagcggatgtaccccgaggacggcgccctgaagggcgaggacaagctcaggctgaagctgaaggacggcggccactaca
cctccgaggtcaagaccacctacaaggccaagaagcccgtgcagttgcccggcgcctacatcgtcgacatcaagttggacatc
acctcccacaacgaggactacaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggcggcatggacgag
ctgtacaag 
B42AD-MAX2 aaaaaataattctttcataatgggagccccgccgaaaaaaaagaggaaggtcgccgggataaataaagacatcgaggaatgca
atgccatcatcgaacaatttattgactatctgagaacagggcaagagatgccaatggagatggccgaccaggctattaacgttgta
ccgggcatgaccccaaaaacgatcttgcacgctggtcccccgattcagcccgattggcttaaatctaacggttttcacgagatcga
ggccgacgtcaatgacaccagccttctactaagtggcgatggaggaggagggtctgggggcggaggcagcatggctactcag
ctgaatgacttgcctgacgttatacttagtaatattattgcagcggttactgacgttagaagcagaaactcaacgagctttgtctgtag
aaaatggttagtgctggagcgttcaactcgtgttagccttacgcttagaggcaatgtaagagacttatttatgctgcccacatgtttta
ggagtataacacacctagatctttcattaatttcaccctggggacatccacttctgtccccgactacgccggacccatctcttaccgc
tcatttactacatcacgcgtttcccttcgtcacatccctagtggtatacactaggcaccccttcactcttcagttattaccgcccctatg
gcctcagttgaaacaaatcaagctagttaggtggcaccagaggccacaacttgcgacaggggatgagtttaacatgttattcgag
aactgtccaaacttgtcaagccttgatttaagcacgttttactgttggacggatgatattcccacggccctggtctcccatccgatggt
tgcgagtaatttggtaaccctaaatctattaaacccctgttttagcgaggggttcaaaactgatgagattaaggctatcacgttggcat
gcccgaatttgaaagaatttcgtgttgtgtgcatgttcgacccgaggtacatcggttttgtgggcgacgaaggattggttgccgtcg
cgacgaactgtccgaagttatccacattgcatcttgcggacaccagtgccttatctaattcaagaggggacattaatgacgatggct
tcacgcaagaagatgctaagttcggagttagcaccctgatagaggttttttctggcttacccctgctggaggagttagtactggatgt
ctgtaataatgtgcgtgatacgggacccgcgcttgagattttaaataaaaaatgcccaaggcttagatctctgaagcttgggcaatt
ccatggaatttccatgcccgtggaatctaagcttgatggtgtagcgctatgccagggcctggaaagcttgagtataaggaatgtgg
gcgacttgaatgacatgggcctaatcgcaattggcagaggttgttctaggctagccaagtttgaagttcaaggatgtaagaaaata
acagttaggggcatgcgtactctagcatcccttttgaagaagacactaattgacgttaagatctcatgttgcaaaaacttaggcgct
gcgtatagcttaaaagcattagagccgattcagaataggattcagaaacttcacatagactgcgtctgggattccgtcgaagagttc
gaaaatctagatggctatggatacggctttgatctgaacagaagagatggatgtgaagctagctccaatttcggggatacctttgg
atgcgaggaagatgcttacttgtttaaggagaagaaaaggtgtaaatttagctacgatctaaattcactgtacgaggaggtgaatg
ggcatggtaacggttatagcgggcgttcctgggatagactacagtacctaagtctatggatcggagttggcgatcttctaaccccg
ctaacggccgccgggttagaagactgccctaatttggaagaaataaaaatcagggtagagggagattgcagactatggtccaaa
cattcagaacaggcatttggacttagcaccctattgcattaccccaaattatcaaaaatgcacttagactgtggggacacaatcggg
tatgcacataccgcgccctccggtcaagtggatctgagtctatgggagaggttttacctgctagggattgggaccctttctctaacg
gagctagactattggccccctcaagatatggatgttaatcagaggtgtctgtctctgcccgccgcaggccttttgcaagaatgtcta
actttaaggaaattgttcatacacggcacggcgcacgagcactttatgatgtttttgcttcgtatccccaatctgagggatgtgcagtt
aagagaagattactatccggccccagaaaatgatatgtcaactgagatgcgtgccgatagcttatcaaggtttgaagcagccttaa
atcgtagacctatctcagactaa 
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Supplementary table 3: primers used in Chapter Five 
General primers for domain insertion biosensors 
DAD2N-F1 attttgtttaactttaagaaggagatataccatgggtcaaactttactggacg 
DAD2N-F2 catcaccatcaccatcacgagaacctgtattttcagggtcaaactttactggacgcctt 
DAD2N-F3 attttgtttaactttaagaaggagatataccatgggtcatcaccatcaccatcac 
DAD2C-R1 agaggccccaaggggttatgctagttattgctcagcttaacgatgagacagtgcac 
DAD2C-R2 tgccgccgcttcctttgctgctgcttctccacgatgagacagtgcacg 
LSSmOrange-F caagagcttaggcgtgcactgtctcatcgtggagaagcagcagcaaag 
LSSmOrange-R agaggccccaaggggttatgctagttattgctcagccttgtacagctcgtccatgc 
  Primers conferring cpGFP insertion sites  
  cpGFP insertion site Reverse primer Forward primer 
DAD2 A149 gtcggccatgataaagacgttatacgatgctgcctcca
tcgcggaaaa 
cataagcttgaatataacttcaacgcgtccaactatgag
gcgtgggtgaatg 
DAD2 G164 gtcggccatgataaagacgttatacgatgcgcccact
gccaaaggcgc 
cataagcttgaatataacttcaacgcgtccgctgatgtac
cggcagcg 
DAD2 A165 gtcggccatgataaagacgttatacgatgcagcgccc
actgccaaagg 
cataagcttgaatataacttcaacgcgtccgatgtaccg
gcagcggtaag 
DAD2 N180 gtcggccatgataaagacgttatacgatgcgttaaaca
gtgtacgggagaattc 
cataagcttgaatataacttcaacgcgtccgtaccggca
gcggtaaggg 
DAD2 M181 gtcggccatgataaagacgttatacgatgccatgttaa
acagtgtacgggaga 
cataagcttgaatataacttcaacgcgtcccgtccagac
ataactttgttcg 
DAD2 R182 gtcggccatgataaagacgttatacgatgcacgcatg
ttaaacagtgtacgg 
cataagcttgaatataacttcaacgcgtccccagacata
actttgttcgttagtagg 
ShHTL7 C164 gtcggccatgataaagacgttatacgatgcacaagcc
aacaacaacggt 
cataagcttgaatataacttcaacgcgtccgatttggag
agtgcagccat 
ShHTL7 D165 gtcggccatgataaagacgttatacgatgcatcacaa
gccaacaacaacg 
cataagcttgaatataacttcaacgcgtccttggagagt
gcagccatg 
ShHTL7 L166 gtcggccatgataaagacgttatacgatgccaaatca
caagccaacaacaa 
cataagcttgaatataacttcaacgcgtccgagagtgca
gccatgcag 
ShHTL7 E167 gtcggccatgataaagacgttatacgatgcctccaaat
cacaagccaacaac 
Cataagcttgaatataacttcaacgcgtccagtgcagc
catgcaggagt 
Primers for Y2H-based biosensor and protoplast plasmid construction 
32 aacctccttggattagtacatgcgtagtgagttcggtgtt 
33 aacaccgaactcactacgcatgtactaatccaaggaggtttacg 
101 caagatatttcttgaatcaggcatttaaatttaaggccacataaatcc 
102 tttttgaaaattcaatataacactgtgctttctgttgctg 
103 cagcaacagaaagcacagtgttatattgaattttcaaaaattcttacttt 
104 ctagccgtcagagctttcattatagttttttctccttgacgttaaag 
105 gtcaaggagaaaaaactataatgaaagctctgacggctag 
106 attgggctacgtaaattcgattaacgatgagacagtgcac 
107 tgcactgtctcatcgttaatcgaatttacgtagcccaatc 
108 tttttcggcggggctcccattatgaaagaattattttttttattatgttaatct 
109 aaaaaaaataattctttcataatgggag 
110 ctcttttgtttttctcgagattagtctgagataggtctacgatttaag 
111 gtagacctatctcagactaatctcgagaaaaacaaaagagttaat 
112 tttttgaaaattcaatataattggtcgtttgtcatcaag 
113 cttgatgacaaacgaccaatt 
117 gtcaaggagaaaaaactataatgtctaaaggtgaagaattattcac 
118 acgatttgctctcaatccgcttaagatcttttgtacaattcatcc 
120 aattgtacaaaagatcttaagcggattgagagcaaatc 
121 agattccggccatatttctgacgccacagaaacctcag 
122 ttctgaggtttctgtggcgtcagaaatatggccggaatc 
123 aaagggaacaaaagctggagctatttaaatggtagcttttcgttcc 
124 aattcttcacctttagacattatagttttttctccttgacgttaaag 
183 gttatggtgttcaatgttttgc 
184 tgcatcaaaaaaaaaaattatccgatgatgagcacgccacagaaacctcag 
185 gctcatcatcggataatttttttttttgatgcatctatacagagtgcaccataccacag 
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186 agattccggccatatttctgcaccgcatagggtaataactg 
187 agttattaccctatgcggtgcagaaatatggccggaatc 
188 caatttcacacaggaaacagc 
441 taactaatcgatatgggtcaaactttactggacg 
442 aatattactagtttattgctcagccttgtacag 
 
 
